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HYDROGEOLOGIC NATURE OF STREAMFLOW ON SMALL WATERSHEDS 


By J. L. McGuinness, ! 1U5 Ep Harrold,2 F, ASCE, and C. R. Amerman$ 


SYNOPSIS 


The importance of watershed area in depth-area-duration-frequency re- 
lationships on streamflow from small watersheds was investigated. Size of 
area was found to be an index of geologic and geomorphologic properties of 
the watersheds. Area index was related to annual streamflow and also to 
flows of as short as 2- or 8-day duration. A reconnaissance survey of base 
flow and a preliminary geologic investigation in one of the watersheds helped 
clarify the interrelationships between the geologic and hydrologic aspects of 
the study. 


INTRODUCTION 


Various watershed characteristics have long been recognized as major 
factors in streamflow relationships. The investigations reported herein were 
aimed at assessing the importance of a watershed area index value in depth- 
area-duration-frequency relationships of streamflow on watersheds ranging 
in size from 0.5 to 17,540 acres, Although watershed area was the character- 
istic used, it was not in itself a causal factor in the relationship. In east- 
central Ohio, increased drainage area goes hand-in-hand with increased re- 


a ee 
- Note.—Discussion open until June 1, 1961. To extend the closing date one month, a 
written request must be filed with the Executive Secretary, ASCE. This paper is part 
of the copyrighted Journal of the Hydraulics Division, Proceedings of the American So- 
ciety of Civil Engineers, Vol, 87, No. HY 1, January, 1961. 
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vation Research Div., Agric, Research Service, U. S. Dept. of Agric., Coshocton, Ohio. 
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search Div., Agric. Research Service, U. S. Dept. of Agric., Coshocton, Ohio. 
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lief. As drainage area enlarges, the stream channel cuts deeper and deeper 
into the geologic column. Interspersed through this column are aquifers of 
varying strengths, Interception of these aquifers may be the dominating factor 
in the depth-area relationship. Until the present program of ground-water 
investigation provides a more adequate definition of geologic factors, water- 
shed size is used as an index of the aquifers intercepted and referred to as 
the “area index.” Precisely, area index is the common logarithm of the 
number of acres in the watershed. It may be plotted as the number of acres 
if a logarithmic scale is used. 


EXPERIMENTAL AREA 


In the late 1930’s, the Soil Conservation Service established the Coshocton 
Hydrologic Research Station about 10 miles northeast of Coshocton, Ohio. 
Gaging equipment was installed on watersheds ranging in size from less than 
1 to more than 4,500 acres. Gaging ofa 17,500-acre watershed which includes 
part of the research area is done by the U. S. Geologic Survey. The area is 
typical of the general farming area of the Allegheny-Cumberland Plateau 
physiographic province4 (Fig. 1), where the valleys are narrow with steep 
side slopes and the streams have moderate to steep gradients. The drainage 
pattern is dendritic and quite distinct, even on the small watersheds. 

The bedrock of the area consists of cyclic deposits of sandstone, shale, 
limestone, coal, and clay which are in the upper Pottsville, Allegheny, and 
lower Conemaugh series of the Pennsylvanian system. Horizontal and vertical 
variation occurs in several of the rock units. The regional dip is very slight 
and to the east,) but within the experimental area minor local folds are 
found. This same general geologic pattern occurs in much of the Allegheny- 
Cumberland Plateau province. A generalized section of the strata underlying 
the Coshocton watersheds is given in Fig. 2. 

The soils are of the residual Muskingum-Keene complex and associated 
series. Topsoil is generally 6-8 in. thick and the internal drainage of the soil 
profile is rapid to medium, Silt loam texture and crumb structure predomi- 
nate, The soil mantle is shallow, bedrock, generally being from ‘5-8 ft below 
the surface. For the watersheds used inthis report, land uses include rotation 
crops, grass, and woods. 

The climate of the Station is characterized by annual averages of 50° 
temperature and 38-in. precipitation. Storms of high intensity rainfall occur 
mostly in the May-October growing season. They typically cover limited 
areas and are of short duration. Dormant-season precipitation is usually of 
low intensity, long duration, and covers large areas. About 70% of the yearly 
stream flow occurs during the dormant period. 


MEAN ANNUAL STREAMFLOW 


Nearly 20 yr of streamflow data have been compiled at the Coshocton 
Station. A recent publication listed the monthly precipitation and runoff on 
the Coshocton watersheds for the period of record through 1955. A plot of the 


See 
4 «Monthly Precipitation and Runoff for Small Agricultural Watersheds in the United 
States, U. S, Dept. of Agric., Washington, D. C,, 1957, 


5 “Geology of Coshocton County,” by R, E, Lamborn, Ohio Dept. of Nat, Res. Bulletin, 
58, 1954, 245 pp. 
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area index-streamflow relationship for the 12 watersheds inthe 29- to 17,500- 
acre size range appears in Fig. 3. In this report, streamflow includes all 
flows past the gaging site and is expressedin inches depth over the watershed 
area. 

Nine of the watersheds, shown in Fig. 3 by open circles, were in mixed 
cover and were managed under a system of improved-type farming. Of the 
three watersheds shown by closed points, the 43.6-acre area was in a complete 
woodlot cover. The 74.2- and 303-acre areas were both in mixed cover but 
managed under a prevailing practice system of farming. Data on these 12 
watersheds were all for the period 1940-1958 inclusive. A definite pattern 
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FIG. 1.—SITE MAP OF COSHOCTON AND THE ALLEGHENY-CUMBERLAND 
PLATEAU PHYSIOGRAPHIC PROVINCE 


was evident in the depth-area index relationship. As watershed area increased 
somewhat above 20 acres, the soil, practice, and land use differences tended 
to average out or become obscured by increasing groundwater flow. 

Average annual streamflow increased from 7 in. to 12 in, as area increased 
from 30 acres to 1,000 acres, Above the 1,000-acre size, the curve in Fig. 3 
indicates much smaller streamflow increases for rather substantial increases 


in the area index. 
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FIG, 2,—GENERALIZED GEOLOGIC SECTION OF STRATA UNDERLYING 
THE COSHOCTON WATERSHEDS 
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Although watershed treatment influences streamflow, some ofthe erratics 
in the relationship shown on Fig. 3 are a reflection of geologic differences. 
The watershed of 75.6 acres with 7.9 in. annual flow falls a little below the 
average trend. A strong spring occurs about 100 ft downstream from the gage 
of this watershed. Moving the gage site downstream below the spring would 
increase the watershed area very slightly but would significantly increase the 
average annual flow. The 43.6-acre wooded watershed and the 303-acre 
prevailing-practice watershed plot well above the general trend line. Here, 
too, it seemed that geologic conditions played the major role, Further dis- 
cussion of data from these two watersheds is deferred to a later section. 


MINIMUM AND MAXIMUM ANNUAL FLOW 


The minimum annual flows expected from watersheds of varying size also 
have the tendency to increase with increasing area index. L. L. Harrold” gave 
an analysis of the minimum-flow relationships on the Coshocton watersheds, 
The bottom curve drawn on Fig. 3 shows the annual minimum flow expected 
once in 10 yr as taken from his analysis. The relationship between low-flow 
volume and area index was quite similar to the average flow-area index 
pattern, 

The top curve of Fig. 3 shows the maximum annual flow expected once in 
10 yr. The line was fitted by eye through the points calculated from frequency 
analyses of the data for each watershed. This curve, although it had a some- 
what greater slope, followed the pattern of the average- and minimum-flow 
plottings. Thus it seems probable that the same factor affects the entire range 
of the annual flow-area index relationship. 


FLOW FROM VERY SMALL AREAS 


Monthly precipitation and runoff amounts for 25 watersheds in the size 
range of 0.6 to 7.6 acres were also listed* for the period of record through 
1955. The average annual runoff, primarily storm flow, varied from 0.2 to 
4.8 in. The generally implied relationship between size of watershed and 
surface inches of runoff on these small areas was obscured by land use and 
treatment influences and soil type effects. However, when the watersheds were 
placed in homogeneous soil type, land use, and treatment groups, a covariant 
analysis showed that the relationship between area index and runoff was 
statistically significant. Thus, the association of increasing runoff with in- 
creasing watershed size was found to hold even on these very small areas. 


SHORT DURATION STREAM FLOW VOLUMES 


Data for this study were taken from another publication’ which includes 
values for the maximum runoff volumes for 1-, 2-, 6-, and 12-hr and 1-, 2-, 
and 8-day periods for each year of record up to and including 1956. In addition 


6 “The Influence of Land Use and Treatment on the Hydrology of Small Watersheds, 
at Coshocton, Ohio, 1938-1957,” by L. L. Harrold, D. L. Brakensiek, J. L. McGuinness, 
C, R, Amerman, and F, R, Dreibelbis, U. 8. D. A. Tech, Bulletin (in press), 1960. 

7 «Minimum Water Yield from Small Agricultural Watersheds, by L. L. Harrold, 
Transactions, Amer. Geophysical Union, Vol. 38, 1957, pp. 201-208. 

~ 8 Annual Maximum Flows from Small Agricultural Watersheds in the United States,” 
U. 8. Dept. of Agric., Washington, D. C., 1958. 
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to the published data, the 1957 values were also used so as to include in this 
study data from the extremely high floods in June of that year. The frequency 
of these maximum runoff volumes was estimated by extreme value methods 
using the fitting procedure proposed by D. L. Brakensiek.9 Since the data are 
distributions of independent observations each of which is an extreme value, 
this frequency model seemed most appropriate. Inspection of the 238 fitted 
curves (7 durations times 34 watersheds) indicated a reasonably satisfactory 
fit to the data. 

Fig. 4 shows an area index plotting of the maximum annual flows expected 
for a 2-yr return period for nine larger watersheds for durations of 1 hr, 1 
day, and 8 days. 

The wooded (43.6-acre) and two prevailing practice (74.2 and 303-acre) 
watersheds were omitted from this analysis. As frequency comparisons were 
to be made, it was necessary to select those watersheds which had a uniform 
treatment program, Preliminary statistical analyses of the data indicated 
that the three watersheds in question had different time trends than the nine 
improved practice watersheds. This precluded their use in this frequency 
analysis. 

For 8-day volumes of flow, the relationship as shown in the top plotting of 
Fig. 4 was similar to that for average annual flow given in Fig. 3. In the 
Coshocton area, this maximum 8-day runoff volume was generally associated 
with the late winter and early spring season, the end of the groundwater re- 
charge cycle. During this period, the soil mantle was nearly saturated and 
groundwater discharge was near its maximum, Rainfall during this season 
was of low intensity and long duration. The total stream flow would then in- 
clude a substantial amount of base flow. Under these conditions, the influence 
of the underlying geological strata could be quite significant. 

The bottom, plotting of Fig. 4 shows the depth-area index relationship for 
1-hr durations, These maximum 1-hr volumes were primarily surface and 
quick return flow. They were associated with the high intensity, short duration, 
small-area coverage, convective-type summer rainfall. Some storage space 
was available in the soil mantle. Groundwater discharge was slight. The 1-hr 
duration plotting showed a trend toward decreasing flow (in inches) with in- 
creasing area index. This was partly due to the limited storm area in this 
season and the probability that only portions of the watersheds contributed 
large volumes of flow as the watershed area became larger. Differences in 
times of concentration and channel storage would also be a factor. ; 

The middle plotting of Fig. 4, maximum 1-day duration flow volumes, show 
practically no trend of change with watershed area-index. Their occurrence 
was distributed rather evenly throughout the year. They were caused by both 
winter and summer storms. In some cases aquifer flow was strong. In some 
it was weak. 

The depth-area index relationships for 6- and 12-hr and 2-day durations 
were similar to those for 1-day flows shown on Fig. 4. Slight downward trends 
may be present in the 6- and 12-hr relationships and a slight upward trend 
in the 2-day plotting. The trends, however, were very poorly defined and may 
well be fortuitous. For 2-hr durations, there was evidence of a downward 
trend, similar to that of the 1-hr plotting on Fig, 4, 

It seems clear that geologic differences associated with increasing water- 
shed size exerted a noticeable influence on stream flow relationships even 
eee ee eee 


9 “Fitting a Generalized Log-Normal Distribution to Hydrologic Data.” by D. L. Bra- 
kensiek, Transactions, Amer, Geophysical Union, Vol, 39, 1958, pp, 469-473, 
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ANNUAL STREAM FLOW, INCHES 


WATERSHED AREA INDEX (ACRES) 


FIG. 3.—AVERAGE AND EXPECTED MAXIMUM AND MINIMUM STREAMFLOW 
FOR WATERSHEDS LARGER THAN 10 ACRES 
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FIG, 4,—LARGEST FLOW EXPECTED IN 8-DAY, 1-DAY, AND 1-HOUR PERIODS 
FOR 2-YEAR RECURRENCE INTERVAL ON WATERSHEDS LARGER 


THAN 10 ACRES 


8 January, 1961 HYes 


for such short duration periods as 2 to 8 days in the average year. The same 
is true for greater-than-average return periods, Depth-area-duration rela- 
tionships for other frequencies than 2-yr canbe computed from the data given 
in Table 1. The mean and standard deviation of the extreme-value curves are 
given in this table along with appropriate frequency factors. The product of 
the frequency factor and standard deviation, added to the mean, yields the 
expected runoff depth in inches. Thus, the depth-area-duration curves of 
Fig. 4 can be constructed for any frequency desired. 

Analyses of the frequency data for the 25 very small watersheds failed to 
show any relation between watershed size and short duration runoff amounts. 
This lack of relationship is not surprising especially in a frequency analysis. 
F, R. Dreibelbis and W. H. Bender! have illustrated the interaction of soil 
type and runoff amount for two of the soils found on the Coshocton Station. 
J. L. McGuinness, Harrold, and Dreibelbis!1 found significant influences due 
to land use and treatment on these smaller areas. 


COMMENT 


On the Coshocton watersheds stream-flow volumes increased with area 
index in the range of 10 to 1,000 acres even for short-time durations. It has 
long been recognized that aquifer discharge is a major factor in maintaining 
stream flow when there is little or nosurface runoff.12 The data presented in 
this report suggest that the influence of aquifer contributions on stream-flow 
is strong enough at Coshocton to be apparent during periods of relatively 
heavy surface flow and during storm periods as short as 2 days. 

For the upland watersheds under 10 acres insize, there is little entrench- 
ment of the drainage system into the underlying strata. These areas are lo- 
cated high on the land slope near the ridges which form larger watershed 
divides. This places them high on the geologic column, usually above the lower 
Kittanning coal, It can be seen from Fig. 2 that the possibility of one of these 
small areas intercepting a major aquifer is not great. In general, soils, land 
use, and treatment effects dominate the flows from smaller areas, 

As the area index increased from 10 to 1,000 acres, the entrenchment of 
the drainage system also increased, As the channels cut through successive 
geologic formations (Fig. 2), they intercepted many of the water-bearing 
strata. These aquifers then made their contributions to stream flow. It is not 
surprising that the greatest increase in streamflow occurs in this size range 
(Fig. 3). 

At the Coshocton Station, watersheds of 1,000 acres intercepted flow from 
all the aquifers shown in Fig. 2. Increasingly larger watersheds were made 
up of a number of 10- to 1,000-acre watersheds all incised in this same 
geologic column, The gradient of the main channel is not nearly as steep as 
in the hilly areas upland and proportionately fewer aquifers are cut for large> 


a ee a eee 

10 «a Study of Some Characteristics of Keene Silt Loam and Muskingum Silt Loam,” 
a F, R, Deibelbis and W. H, Bender, Journal, Soil and Water Cons., Vol. 8, 1953, pp. 

61-266, ‘ 

11 “Some Effects of Land Use and Treatment on Small Single Crop Watersheds,” by 
J. L. McGuinness, L. L, Harrold, and F, R, Dreibelbis, Journal, Soil and Water Cons., 
Vol, 15, 1960, pp. 65-69. 

12 “The Relation of Geology to Dry-Weather Stream Flow in Ohio,” by W. P. Cross, 
Transactions, Amer, Geophysical Union, Vol. 30, 1949, pp. 563-566, 
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increases in size. Thus, the average annualflowvolume for larger and larger 
watersheds approaches a maximum quantity. Of course, this maximum may 
not be reached when withdrawals and channel losses occur. 

Table 2 gives data on the entrenchment process for the 12 watersheds of 
Fig. 3. Both the relief and relative relief of watershed 172, complete wooded 
cover, were quite high. The deep entrenchment inthis small area had exposed 
several of the aquifers. Contributions from these aquifers made up a large 
part of the base flow, estimated as about 70% of the annual flow from this 
watershed. It was not surprising to find this 43.6-acre area plotting well above 
the average trend on Fig. 3. 


TABLE 1.—MEAN (Q), STANDARD DEVIATION (o), AND FREQUENCY FACTOR (K), 
FOR COMPUTATION OF EXPECTED RUNOFF DEPTH IN INCHES FOR 
SELECTED AREA-DURATION-FREQUENCIES# 


Q Watershed size, in acres 
1 Hour| Q 0.09 
o 13 
2Hour| Q By 
o 125 
6 Hour] Q 43 
o .50 
12 Hour| Q .66 
o 61 
1 Da Q .86 
= 0 68 
2 Da Q 12 
4 CG 75 


8 Day 


Q i 


Recurrence 50-Year 
Interval 

Frequency -0.17 0.73 1,30 18% 2,01 2,58 
Factors i 


= Expected runoff depth in inches = Q+ aK 
eo 


The prevailing practice watershed 196 also had above-average flow. The 
relief of this watershed is somewhat greater than would be expected from its 
area of 303 acres (Table 2), although the relative relief13 was more in line 
‘in this respect. Some additional factor besides land use and treatment effects” 
and greater than average relief is apparently operating here. This will be 

i ssed later. 
Recaps Me lists the simple linear correlation coefficients for the data of 
Table 2. Area index was found to be significantly correlated with average 


: i i ' rties 

13 «an Analysis of the Relations among Elements of Climatic, Surface Prope ; 

and Bes echatagy » by M, A. Melton, Office of Naval Res. Tech. Report No, 11, Dept. 
- Geology, Columbia Univ., N. Y., Vol. 102, pp. 1957. 
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annual runoff and with relief, relative relief, and the circularity ratio. Runoff 
itself was found to be as well correlated with relief as with the area index. 
Although runoff was not significantly correlated with either relative relief 
or circularity ratio, the coefficients were fairly highin both cases. This table 
confirms the view that area is just an index. Watershed area reflects in- 
fluences of both geology and geomorphology. Additional mapping of the water- 
shed areas is now being considered to enable further study of these relation- 
ships. 


TABLE 2,.—RELATION OF WATERSHED SIZE TO ANNUAL RUNOFF AND 
OTHER WATERSHED PHYSICAL CHARACTERISTICS 


Average Relief” Relative® 


Watershed Size, in Circularity® 
number acres annual in feet relief ratio 
runoff, 
in inches 
(4) (6) (7) 
Se cay pet 
6.93 3.61 0.88 
12.03 5,14 .78 
10.57 2.87 12 
7.96 3.16 210 
9.59 2,42 .76 
14.64 1.78 .67 
11.37 L773 .90 
12,27 1,34 84 
12,21 1.18 .76 
12.01 .88 .60 
12.37 .74 s09 
13,35 Al .58 


2 Common logarithm of the size in acres, 
Flevation difference between highest and lowest points in watershed as read from 
topographic map, 
© 100 (relief in feet)/perimeter in feet, 


‘ ne of area of watershed to area of circle with same perimeter length as the wa- 
ershed, 


TABLE 3,—LINEAR CORRELATION COEFFICIENTS BETWEEN AREA INDEX, 
pate RUNOFF AND OTHER WATERSHED PHYSICAL CHARAC- 
ISTICS 


Watershed physical Average an- Relative | Circularity 
characteristics nual runoff relief ratio 
(1) (2) (5) 


Area index 

Average annual runoff -0.45. 
Relief -0.73? 
Relative relief 0.49 


4 Significant at 5% level. 
Significant at 1% level. 


The data of Fig. 4 are for periods of relatively high flow and short time 
durations, Yet, even under these conditions, there is a definite relationship 
between area index and streamflow amounts. The geological differences as- 
sociated with increasing area are pronounced enough to exert a measurable - 
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influence on storm flows even in 2-day storm events. The trends are no 
longer evident for shorter durations though there probably is still some small 
influence. 

In order to test some of the above concepts, a brief examination was made 
of stream flow in a 303-acre watershed (No. 196) on the Coshocton Station. 
A reconnaissance survey of the quantity of flow found in the stream channels 
during a 4-day period was made in July, 1959. During this period and for some 
weeks preceding, there was no surface runoff (overland flow). Thus, only 
waters properly classified as ground water were in the drainage channels of 
the watershed. 

Stream flow was gaged at numerous points throughout the drainage system 
of this watershed by means of a precalibrated 0.6-ft HS flume.14 The results 
are portrayed schematically in Fig. 5. In this drawing, the channel at any 
point was drawn with a width proportional to the strength of the flow at that 
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FIG. 5,—-WATERSHED 196, GENERALIZED STRATIGRAPHY, GEOLOGIC 
STRUCTURE, AND STRENGTH OF BASE FLOW 


point. Broken lines are an indication of no flow. The finest solid lines repre- 
sent trace flows, and so forth up to the thickest line at the watershed gage 
which represents a flow of 0.05 cfs. 

No flow was found in the higher and outermost reaches of the watershed 
drainage system. As the tributaries became more deeply incised, they inter- 
cepted an aquifer capable of supplying some flow. If the flow was weak, the 
succeeding strata pervious, or the attitude of the strata dipped away from the 
tributary, the flow might again disappear from the surface. In general, how- 
ever, the flow became greater as the channels cut into the geologic section 


i 14 “Nevices for Measuring Rates and Amounts of Runoff,” by L. L. Harrold and D. B. 
krimgold, Soil Cons, Serv. Tech, Publ. 51, rev. 1948, 42 pp. 
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and intercepted additional water-bearing strata. The pattern is quite clear 
even on this relatively small area. The strata intercepted by the drainage 
system of the watershed shown on Fig, 5 are given as a generalized geologic 
section in Fig. 2. The coal and limestone strata are usually well fractured 
and water bearing whereas the clays are practically impervious. 

Following the base flow survey, an intensive investigation was made of the 
geologic outcrop conditions in this same watershed. As shown in Fig. 5, the 
Middle Kittanning coal outcropped in the upper reaches of this watershed. 
There was a definite relationship between the outcrop line of this strata and 
the heading of drainage channels. Further downslope, there was another re- 
lationship between the outcrop line of Brookville clay and the place in the 
channels where base flow was first noted. Although not shown on the map, 
there were two additional aquifer outcrops further downslope which coincided 
with stream reaches where significant increases inbase flow were also noted. 

The geological investigation also provided a possible explanation for the 
very high annual runoff from this 303-acre watershed (Fig. 3). A syncline 
was detected in this watershed which may funnel aquifer flow in the direction 
of the gaging site (Fig. 5). Base flow in this watershed was estimated as 75% 
of the annual total flow. 

The results of the base-flow survey and geologic investigation in this limited 
area tended to substantiate the hypothesis advanced earlier that entrenchment 
into the geologic strata was one of the causal factors in the area index-flow 
relationship. 

If flow volumes are found to vary with area index over extensive regions, 
modifications may be required in some of the current hydrologic techniques. 
For instance, in estimating a peak runoff rate, one technique assumes that the 
peak (in inches per hour) varies directly as the runoff volume (in inches) and 
inversely with some function of time of runoff such as time of concentration, 
The volume of runoff is estimated from rainfall, cover, and other parameters— 
without reference to any area-index factor. The Coshocton data would indicate 
that area index or some other criterion of geology should be considered in 
estimating runoff from smaller areas especially for the longer flow durations. 
A better means of quantitatively defining geologic features is needed to dis- 
tinguish hydrologically the small watersheds of the various physiographic 
regions, 

In recent years there has been a definite increase in interest in the man- 
agement of water from small areas. The small watershed program of the 
Soil Conservation Service under Public Law 566 has done much to stimulate 
this interest. The individual farm owner in those sections of the country 
where ground water resources are inadequate has a vital interest in these 
programs. 15 Yet it is for these smaller areas that reliable hydrologic infor- 
mation is most often unavailable, 16 

It is recognized that a knowledge of geology is vital to dependable stream- 
flow evaluations in this part of the country. The interrelationships between’ 
geology and hydrology can be quite complex.12 The role of the geologist in the 
solution of many of our water problems here and elsewhere can not be over-. 
looked. R, G. Kazmann1” has shown how a knowledge of geology and published 
hydrologic records can be combined with a few isolated stream-flow records 


15 «Indiana Water Resources,” Indiana Water Resources Study Comm., 1956, 

16 “An Engineering Appraisal of Hydrologic Data,” Comm. on Hydrological Data of 
Hydr, Div., Proceedings, ASCE, Vol, 85, No, HY 7, July, 1959, 

17 «The Utilization of Induced Stream Infiltration and Natural Aquifer Storage at 
Canton, Ohio,” by R, G, Kazmann, Economic Geology, Vol. 44, 1949, pp..514-524, 
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for the solution of a hydrogeologic problem. J. K. Searcy18 discusses the in- 
fluence of geology on low flows of streams in Mississippi. 

More intensive geologic studies are planned for the Coshocton watersheds. 
It is expected that these studies will aid in the interpretation of watershed- 
management hydrologic research programs now active onthe Station. Further- 
more, they will provide more useful guidance for future watershed-management 
action programs. The results of the investigation reported herein proved 
useful in planning the geological and ground-water investigations now under ° 
way at the Coshocton Station. The methods of analysis used may be of value 
in other sections of the country inthe investigation of hydrogeologic problems, 
In any area where geologic conditions exert aninfluence on stream flow, some 
preliminary information on the geology and ground-water contributions may 
be obtained from analysis of the stream flow record. 
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FREQUENCY OF NATURAL EVENTS 


By H. C. Riggs,! M. ASCE 


SYNOPSIS 


Magnitude-frequency relationships are used frequently in design problems, 
yet the precise meaning of the relation is not widely understood. This paper 
xegins with the development of a cumulative frequency curve andits statistical 
interpretation. From the frequency curve, a relation between magnitude, de- 
sign period in years, and probability of not exceeding that magnitude inthe de- 
sign periodis derived. The relation is presented graphically for easy use, and 
he applicability of the general procedure is shown by sampling from a 1,023-yr 
veriod of tree-ring indexes. 


INTRODUCTION 


An estimate of the frequency of an event, such as a flood or a drought, usu- 
ily is obtained from a cumulative frequency curve. That curve, based on ob- 
served events, and constructed by oneof several standard methods, relates the 
nagnitudes of events to mean recurrence intervals or to probabilities. Both 
he magnitude and the recurrence interval in such a plot are subject to sam- 
ling errors. The sampling error of the magnitude can be reduced only by in- 
‘reasing the sample size. A sampling error of the recurrence intervalis pres- 
nt because the recurrence interval is not a fixed value but is the mean length 
f the intervals between events that exceed a given magnitude. The two sam- 
ling errors are dependent and a procedure for combining them has not been 


eo 
Note.—Discussion open until June 1, 1961, To extend the closing date one month, a 
yritten request must be filed with the Executive Secretary, ASCE, This paper is part 
f the copyrighted Journal of the Hydraulics Division, Proceedings of the American So- 
iety of Civil Engineers, Vol. 87, No, HY 1, January, 1961, 
I pydraulic Engr., U. S. Geological Survey, Washington 25, D. C. 
9 ae 
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developed except by non-parametric methods. However, a relation between 
magnitude, probability of exceedance (the occurrence of an event greater than 
that magnitude), and design period (defined later) will allow the variability of 
the recurrence interval to be assessed and will therefore provide more com- 
plete information than is given by the conventional frequency curve. Sucha 
relation is developed in this paper. 

The theory used and the results obtained are not original. Beard,2 Daven- 
port, 3 Thomas, 4 Court, 9 Gumbel, 6 Kendall, ? and others have made similar 
analyses. However, the method of presenting the results is new, and the im- 
portance of the theory would seem to justify its wider notice. 

The constructionof acumulative frequency curve from aprobability density 
function and from a small sample of observations is described first. Next is 
given the statistical interpretation of the cumulative frequency curve and the 
derivation of the relation between magnitude, probability, and design period. 
Finally, the theoretical results are substantiated by sampling from a list of 
1,023 tree-ring indexes, 


CONSTRUCTION OF CUMULATIVE FREQUENCY CURVES 


Consider the histogram of Fig. 1 that shows the frequency of events for sey- 
eral ranges of magnitude. If the number of observations is allowed to approach 
infinity at the same time that the class interval (width of the rectangles) ap- 
proaches zero, the enveloping line of the histogram will approach a smooth 
curve, Then if the ordinate values are divided by a number, such that the area 
under the curve becomes one, the resulting curve is a probability density curve, 
also shown in Fig. 1. 

For the theoretical development of the cumulative frequency curve, assume 
that the probability density curve is known to be that of Fig. 1. By definition, 
the probability of a random event falling inany particular interval is the ratio 
of the areaunder the curve withinthat interval to the totalarea under the curve, 
The hatched area under the curve of Fig. 1 is one-tenth of the total, and by the 
preceding definition the probability is 0,1 that a random event will be greater 
than E, There is no probability associated with the exact event E. Probabil- 
ities in continuous distributions refer only to an event being within a certair 
range or of being larger or smaller than some magnitude E, 

In hydrology it is conventional to interpret the cumulative frequency curve 
as giving the probability of occurrence of an event “equal to or greater (less) 
than.” The “equal to” portion of the statement is not supported by theory, has 
no practical meaning, and, therefore, is not used in this paper, 

If thearea under thecurve of Fig. 1 is divided into many vertical strips, the 
relative areaof each determined and these relative areas plotted cumulatively; 


2 «Statistical Analysis in Hydrology,” by L. R. Beard, Transactions, ASCE, No. 108, 
1943, pp, 1110-1121. ; 
“Discussion of Characteristics of Heavy Rainfall in New Mexico and Arizona by 
Luna B, Leopold,’ by R. W, Davenport, Transactions, ASCE, No, 109, 1944, pp. 877-878. 
“Frequency of Minor Floods” by Harold A. Thomas, Jr., Journal, Boston Soc. o: 
Civ, Engrs., Vol. 35, No. 4, 1948, pp, 425-442. : 
5 “Some New Statistical Techniques in Geophysics,” by Arnold Court, Advances it 
Geophysics, Academic Press, Inc., New York, Vol. 1, 1952, pp. 45-85, 
6 “The Calculated Risk in Flood Control, by E, J. Gumbel, Applied Science Research 
The Hague, Holland, Sect. A, Vol. 5, 1955, pp. 273-280, z 
7 «Statistical Analysis of Extreme Values,” by G, R. Kendall, First Canadian Hydro- 
logy Symposium, Natl, Research Council of Canada, November 4 and 5, 1959, 
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against magnitude, the result is acumulative frequency curve suchas is shown 
in Fig, 2. The cumulative curve is the integral of the density curve. 

In practical work, the probability density curve is never known. The cumu- 
lative frequency curve must be developed directly from the data by one of two 
methods. The first requires the mathematical fitting of datato an arbitrarily- 
selected theoretical distribution. Procedures are described in the literature, 
The second method is semi-graphical and requires no assumptions as to the 
type of distribution, It is described in the following paragraphs as an aid in 
understanding subsequent developments. 

The semi-graphical method of obtaining the cumulative frequency curve re- 
quires (1) arranging the data in order of magnitude, (2) computing the plotting 
position of each item, (3) plotting each item against its corresponding plotting 
position on probability paper, and (4) fitting a line to the plotted points. 

Plotting positions may be computed by one of several formulas. The more 
common ones are 


aN 
p ~ ET cette cece ee eee ee (I) 


and 


inwhich p isthe probability of exceedance, N is the number of events (or years, 
for annual events) used in preparing the frequency curve, and M is the order 
number of an event when the events are arranged in order of magnitude from 
the largest to the smallest, with M = 1 forthe largest. More commonly the re- 
ciprocal of the probability, called the return period or recurrence interval, is 
plotted, and that approach is used in this paper. The formula used here is 


_ N+t+l 
RSA aS M a tibia a cohe)_S 58 sca cca ee 


in which R, I, is recurrence interval. The following developments are not af- 
fected by the equation chosen to compute the recurrence intervals. 

Only three types of probability plotting paper are commonly used; normal, 
log-normal, and extreme value. The frequency curves given herein are plot- 
ted to a recurrence interval scale based onan extreme-value distribution pro- 
posed by Gumbel.8 When graphic interpretation of the plotted points is used 
the resulting line is not always straight; if not, the line does not represent an 
extreme-value distribution of the Gumbel® type. An example of a cumulative 
frequency curve is given in Fig. 3 for annual floods on John Day River at Mc- 
Donald Ferry, Oregon, from 1905 to 1948. 


INTERPRETATION OF THE CUMULATIVE FREQUENCY CURVE 


As previously stated, the density curve of Fig. 1 defines the probability of 
a random event being smaller than E as 0.9 and larger than E as 0.1, Simi- 
larly, on the cumulative frequency curve of Figure 2, the event E corresponds 
to a probability of exceedance of 0,1, Thus, the cumulative frequency curve 
EE Se 


8 “On the Plotting of Flood Discharges,” by E, J. Gumbel, Transactions, Ameri 
Geophysical Union, Part II, 1943, pp. 699-719. Se ee 
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shows the probability that a single random event will exceed a given magni- 
tude. If the cumulative frequency curve is based on annual events (that_is, only 
the largest event per year is used), then the probability given is that of amay- 
nual event exceeding a certain magnitude. Now suppose the abscissa scale of 
Fig. 2 is changed to a recurrence-interval scale by taking reciprocals of oN 
probabilities. The 0.1 probability becomes a 10-yr recurrence interval, and \ 
E is called the 10-yr event. This means that the average time between annual 
events that exceeds E is10 yr. This is illustrated in Fig. 4 by considering the 


Vertical lines indicate years in which |O-year event was 
exceeded.Numbers indicate lengths of recurrence intervals 
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random sequence of recurrence intervals in 120 yr. Although these intervals 
between exceedances range from one to 31 yr the average is10 yr. Therefore, 
the event exceeded could be called a10-yr event, Neglecting one of the two end 
exceedances, there are 12 exceedances in 120 yr for aprobability of exceedance 
in any one year of 12/120 or 0.1, as previously defined. If both or neither of 
the end exceedances were neglected, the computed probabilities would approxi- 


mate the 0.1 value. 
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Recurrence interval is an average value, thus, the n-year event will be ex- 
ceeded at intervals averaging n~years in length, but will also be exceeded in 
more than half of a series of n-year periods. If clarification is needed, refer 
again to Figs. 1 and 2. The probability of not exceeding E is 0.9, Fig. 1, and 
of exceeding E, 0.1, Fig. 2. If E is assigned a value equal to the 10-yr event, 
the probabilities remainthe same. The probability of 0.9 applies to one annual 
event not exceeding E. The probability of not exceeding E in 10 yr is, by the 
multiplicative law 


(0.9)10 = 0,35 


Similarly, the probabilities of exactly one, exactly two, etc., exceedances in 
the 10-yr period can be obtained by solving the binomial equation 


3.6 6 aN OP lhl I 0) at ine on tI Scie Epc sy . (5) 
in which f(x) is the probability of x exceedances in n trials, ,Cy is the number 
of combinations of n things taken x at a time, and p is the probability of an ex- 
ceedance in one trial (see Mood9). For this problem, the probabilities are: 

P (1 exceedance in10 yr) = 10°1(.1) (.9)9 = .3874 
P 10©2(.1)2 (.9)8 = .1935 
P (3 exceedances in10 yr) = 10©3(.1)8 (.9)7 = .0576 
P 
P 


(2 exceedances in 10 yr) 


(4 exceedances in 10 yr) = 10C4(.1)4 (.9)6 = .0105 
(5 exceedances in 10 yr) = 10°5(.1)° (.9)5 = .0015 


The sum of the probabilities of 0, 1, 2,...., 10 exceedances (in a 10-yr pe- 
riod) equals one, 

The probability of not exceeding the n-year event in n years is, for other 
values of n and for known values of the probability of exceedance in one year: 


(0.80) ® = 0:38 
(0.95) 20 = 2.06 
(0.98) 50 aid 3364 
(0.99)100 = 366 


(0.999)1,000 = _368 


Therefore, the n-year event has a probability of approximately 1 - 0.36 = 
0.64 of being exceeded one or more times in an n-year period; or 64 of 100 
n-year periods would include at least one exceedance of the n-year event; or 
the n-year event will be exceeded at least once in about 64% of a series of n- 
year periods. The last is shown empirically in Fig. 5 in which the sequence 
of exceedances of Figure 4 is repeated. The 120-yr period is divided into 12 
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9 “Introduction to the Theory of Statistics,” b i 
»” by A. M. Mood, McGraw-Hill 
Inc., New York, 1950, pp. 54-58. ; ae 
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ten-yr periods and 8 of the 12 periods (67%) include exceedances of the ten-yr 
event. 


DESIGN- PROBABILITY CURVES 


It has been shown that the probability of the n-year event (from a cumula- 
tive frequency curve of annual values) being exceeded in an n-year period is 
about 0.64. Additional information regarding the probabilities of exceedances 
in a definite periodof years would be useful and can be obtained. Consider the 
use to which afrequency relationship is put. Designof a project logically might 
begin with selectionof a design period, the number of years for which the pro- 
ject is expected tooperate. Having fixed that period, the designer would inquire 
as to the probability of occurrence of damaging floods or of inadequate supply 
during the period. The conventional frequency curve cannot answer this in- 
quiry adequately. A relation between (1) magnitude, (2) probability of not ex- 
ceeding that magnitude, and (3) design period would supply the answer needed. 


TABLE 1.—VALUES OF p AND RB. I. 


n (Design period) 
(1) 


Such a relationship can be obtained by modifying the conventional frequency 
curve, The modifications to be described are not confidence limits on the po- 
sition of the frequency curve. They provide a more complete interpretation of 
the frequency curve as defined by the data. 

Assume it is desired to define a relationship between magnitude of an event 
E and a design period such that there is a 0.5 probability of not exceeding the 
syent in the design period. Further assume that the magnitude-frequency re- 
lationship is exactly defined to large recurrence intervals and that the events 
ure randomly distributed in time. Let 1-p equal the probability of not exceeding 
£ in one year and let n equal the number of years. Then 


(=p) =. 0.5 


‘rom which the values of p and R. L. given in Table 1 are computed. 

- These results indicate that the 29.4-yr event fromthe cumulative frequency 
urve isthe one that has a0.5 probability of not being exceededin asingle 20-yr 
yeriod. Likewise it is the 72-yr event that has an even chance of not being ex- 
veeded in a 50-yr period. 

_ These results may be used to modify a frequency curve by plotting the mag- 
itude of the 3,4-yr recurrence interval event at the 2-yr design period, the 
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7.8 at 5, the 14.9 at 10, and so forth. Similar adjustments for different prob- 
abilities of not being exceeded can be computed by substituting the desired prob- 
ability instead of 0.5 in the above formula and recomputing p and R.I. Results 
for the probabilities of 0.25 and 0.75 are given in Table 2. 

The conventional frequency curve of Fig. 3 and the data in Tables 1 and 2 
are used as the basis for constructing the curves of Fig. 6. Fig. 6 shows the 
design-probability curves for annual floods on John Day River at McDonald 
Ferry, Oregon (based on the curve of Fig. 3). For example, the magnitude of 
the event having 0.5 probability of not being exceeded in a 10-yr design period 
is that corresponding to the 14.9-yr recurrence interval (see Table 1) on Fig. 
3. Other points are obtained similarly. Notice that the abscissa on Fig. 6 is 
the length of the design period and not a recurrence interval. These curves 
are named “design-probability curves” to distinguish them from the conven- 
tional cumulative frequency curve. It should be noted that the middle curve of 
Fig. 6, that for P = 0,50, is essentially the same as the curve obtained by the 
Beard2 method. 


TABLE 2,—PROBABILITY OF NOT EXCEEDING IN n YEARS 


Design Period, 
n, in years 


(1) 


(5) 


134 


3 .092 10.9 

5 .056 17.8 

10 -028 35.7 

20 -0141 71.0 

30 .0095 105.0 
40 .0072 139.0 

50 .0057 175.0 
100 .0029 345.0 
1,000 .000283 3,500.0 


To further interpret the curves, consider a 20-yr design period on Fig. 6. 
The probability is 0.5 that a flood of 26,700 cfs will not be exceeded in the 20- 
yr period. Likewise, the probability is 0.25 that a flood of 23,000 cfs, and 0.75 
that one of 31,000 cfs willnot be exceeded in the 20-yr period. The latter dis- 
charge is based on an extensionof the frequency curve (Fig. 3). Design-prob- 
ability curves for small probabilities of exceedance arethus seen to be limited 
in extent by the length of the frequency curve from which they are obtained, 
If the frequency curve of Fig. 3 were plotted on Fig. 6 it would correspond to 
a probability of about 0.36. a 

This type of plot (Fig. 6) does furnish many answers needed by the designer, 
Further, it makes clear that no matter what design period is used, there is 
still an appreciable probability of experiencing an extremely large event in 
that period. This tends to be overlooked in interpreting the conventional fre- 
quency curve, 

Although the probability of experiencing no exceedances is of primary in- 
terest, the probabilities associated with other outcomes help to complete the 
picture, These additional probabilities, computedas shown in the previous sec- 
tion, are given for several sizes of events and for 5 design periods in Table 3, 
Minor inconsistencies in the table are due tothe limited number of significant 
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FIG. 6.—DESIGN-PROBABILITY CURVES BASED ON THE CURVE OF FIG, 3 
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FIG. 7.—CUMULATIVE FREQUENCY CURVE OF TREE-RING INDEXES FOR RIO 
GRANDE AREA, NEW MEXICO, 908-1930 A. D. 
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figures used. For a given probability of no exceedances, the probability of one 
or more exceedances is fixed (because the sum of the two must equal one), but 
the probability of two or more exceedances varies somewhat with the length of 
the design period, It is for this reason that a range rather than a unique value 
is shown for this condition in Fig. 6. 


APPLICATION OF DESIGN-PROBABILITY CURVES TO A 
LONG RECORD OF NATURAL EVENTS 


A record of 1,023 tree-ring width indexes for the Rio Grande area, New 
Mexico, for the period 908 A. D. to 1930 A. D. has been compiled by Smiley, 


TABLE 3,.—PROBABILITY OF EXCEEDANCE OF VARIOUS 
EVENTS FOR FIVE DESIGN PERIODS 


Number of exceedances in design period 
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Stubbs, and Bannister.19 The record is a composite each part of which has 
been adjusted for growth trend. The annual growth of a tree (as measured by 
the tree-ring width index) in certain locations in the arid West is very sensi- 
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tive to weather conditions. As previously proposed by Douglass!1 the record 
of tree-ring width indexes has some of the characteristics of a weather record, 

Fig. 7 shows the cumulative frequency curve obtained from the 1,023 indexes, 
From that curve the design-probability curves of Fig. 8 were obtained by the 
method previously described, These design-probability curves were verified 
by dividing the 1,023-yr record into n-year periods and comparing the actual 
and theoretical number of periods in which the appropriate index value was 
not exceeded. 

From Tables 1 and 2 and Fig. 7, the values shown in Table 4 are obtained 
for a 20-yr period. 

The values of tree-ring index in Table4 are the ones that define the design- 
probability curves of Fig, 8 at a design period of 20 yr. Using these index val- 
ues, the corresponding theoretical number of nonexceedances can be checked 


TABLE 4 


Probability of not being 
exceeded in 20 years 


(1) 


Recurrence 
interval 


(2) 


Tree-ring 
index 


(3) 


by counting the number of 20-yr periods in the original record in which these 
index values are not exceeded (not exceeded means “greater than” here be- 
cause the cumulative frequency curve gives values of “less than”), There are 
51 twenty-yr periods in the record, The number of 20-yr minimums greater 
than the index values are given in Table 5. The record was also divided into 


TABLE 5,—TWENTY YEAR MINIMUMS GREATER THAN THE INDEX VALUES 


Index Value 


Theoretical Number 
Actual number 


2, 5, 10, and 40-yr periods and similarly studied. These results together with 
those obtained for 20-yr periods are shown in Fig. 9. Agreement between ac- 
tual and theoretical numbers is good enough to substantiate applicability of the 
method to this type of naturalevent, For this example the cumulative frequency 
curve is known, In actual practice, a curve based on a small sample must be 


used and the reliability of the results obtained will depend on the sampling 
error, | 


wong es eg ee ae SE AS oe ee 
11 “Climatic Cycles and Tree Growth: A Study of the Annual Rings of Trees in Re- 


lation to Climate and Solar Activity,” by A.E, Douglass, Publication No, 2 
Inst,, Washington, D.C., 1928. : eases 


107 January, 1961 HY 1 


Journal of the 
HYDRAULICS DIVISION 


Proceedings of the American Society of Civil Engineers 


UNDERGROUND OUTLET WORKS FOR COURTRIGHT AND WISHON DAMS 


By J. B. Cooke,! F, ASCE, and J, E. Schumann,2 M, ASCE 


SYNOPSIS 


The diversion and outlet tunnel for Courtright Dam is in competent granite. 
t is unsupported and unlined, The outlet tower and trashrack are submerged. 
‘he outlet control is located in the tunnel at the axis of the dam and consists 
f: (1) a pipe embedded in a plug, (2) a butterfly valve in a dry chamber, (3) 
cone-dispersion valve in a discharge chamber, and (4) an air-vent access 
haft. Wishon Dam outlet works are similar. 


INTRODUCTION 


Courtright and Wishon Dams and Reservoirs are part of Pacific Gas and 
nlectric Company’s 313,000 kw Kings River Hydroelectric Development, 
yhich is located in the Sierra Nevada Mountains east of Fresno, Calif. The 
verall development of the Kings River is multipurpose including irrigation, 
lood control, and power. The principal cooperating agencies are the Kings 
fiver Water Association, the United States Army Corps of Engineers, and 
he Pacific Gas and Electric Company. The new roads and Courtright and 
Vishon Reservoirs have greatly increased the recreation potential of the 
rea, . 

Fig. 1 shows the plan and profile of the power development. The Wishon 
nd Courtright rockfill dams and the Haas and Balch power plants were all 


Note.—Discussion open until June 1, 1961, To extend the closing date one month, a 
ritten request must be filed with the Executive Secretary, ASCE. This paper is part 
f the copyrighted Journal of the Hydraulics Division, Proceedings of the American So- 
iety of Civil Engineers, Vol. 87, No. HY 1, January, 1961. 

1 supervisory Civ. Engr., Pacific Gas and Electric Co., San Francisco, Calif, 
Civ. Engr., Pacific Gas and Electric Co., San Francisco, Calif. 


27 


a 


January, 1961 


28 


WS Et 8184 


COURTRIGHT 
RESERVOIR 


RESERVOIR 
6550 


COURTRIGHT 
RESERVOIR 


WISHON 
RESERVOIR 


* HAAS P.H. 


BALCH PH. 


KINGS P.H. 


MAX. WS EL 951.5 
KINGS 


PINE FLAT 


RESERVOIR 
(U.S. GOVT) 


FIG, 1.—MAP AND PROFILE - KINGS RIVER DEVELOPMENT 


Q=12,000 CFS 
W.S. EL. 8189 


ROADWAY 
SPILLWAY 
WEIR 


Q= 8000 CFS 
W.S. EL.8188 


DISCHARGE 
TUNNEL 


(UNLINED) 


n 


i 
SCALE IN FT. 


e'-6"N 


TUNNEL 
(UNLINED) 


FIG, 2,—PLAN OF COURTRIGHT DAM AND OUTLET WORKS 


¥ 1 OUTLET WORKS 29 


ompleted in 1958. The Kings River Plant is under construction and is 
cheduled to be completed in June, 1962. 

The storage reservoirs, Courtright and Wishon, have normal maximum 
rater surface elevations of 8,184 and 6,550. Precipitation at these eleva- 
ions is primarily in the form of snow. Runoff from melting snow occurs in 
ate spring and early summer, followed by very low flows during late sum- 
ver and fall and most of the winter. Annual runoff may vary considerably 
rom year to year, some dry years yielding as little as 60% of the average. 
lower demand, on the other hand, is generally greatest in the low runoff 
10nths of August, September, and December. Because the natural stream- 
low characteristics are not suited to power development, the high elevation 
torage reservoirs are necessary to provide annual and cyclic storage. 

Water and power studies indicated about 250,000 acre ft of storage to be 
equired. Only two natural reservoir and dam sites existed in this steep 
ranite country, and economic and water study analysis indicated that the 
torage should be shared about equally between the two sites (Courtright 
21,300 acre ft and Wishon 128,400 acre ft). Unfortunately, the best site had 
1e smallest drainage area. Of the total 178 sq mi drainage area of Wishon, 
nly 39 sq miles are tributary to Courtright. However, by assigning most of 
le carryover storage to Courtright and drawing heavily on Wishon each 
ear, it is usually possible to start each summer with both reservoirs full. 

The design, construction, and performance of Courtright and Wishon Dams 
ave been described in detail,3 but the outlet works have been briefly 
<amined, 


GENERAL DESIGN CONSIDERATIONS - COURTRIGHT DAM 


General.— A basic and economical decision was to permit flow through the 
oncrete face rockfill dam during construction, and thus permit design of the 
ermanent outlet for the smaller controlled flow. It was considered desir- 
ble that the outlet conduit be at stream bed level in order to be able to util- 
7e all storage and to have future access to the concrete face of the dam. 
owever, operation will normally maintain a substantial minimum pool, The 
iternative conduits considered were a steel lined reinforced concrete con- 
uit in the stream bed and a tunnel. The geology of the site is such that a 
innel would be unsupported and could remain unlined. Though the concrete 
onduit was the shortest, it was estimated to cost more than an unlined tun- 
el. The unlined tunnel was adopted as being both economical and preferable 
‘om the standpoint of maximum safety. 

Site Geology.—Bedrock at the damsite and in the surrounding area is 
ranodiorite. The left bank is a granitic mass with no jointing other than 
mnionskin surface layers.” The right bank, deeply jointed and steep, pre- 
ents stepped cliffs in the pattern of the jointing. 

‘Diversion.—The diversion tunnel size was established to meet permanent 
itlet requirements. Due to snow and freezing conditions at the high eleva- 
on site, over 8,000, the construction season is only about 5 months. During 
e first construction season in 1956 the tunnel was driven, streambed cut- 
f was constructed, and some rockfill was dumped. The 1957 runoff passed 


3 “Rockfill Dams: Wishon and Courtright Concrete Face Dams,” by J. Barry Cooke, 


ro. ceedings, ASCE, Vol, 84, No. PO 4, August, 1958. 
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through the rockfill and the tunnel. At the end of the 1957 construction sea- 
son, the concrete face was poured to a uniform height, to distribute flov 
evenly into the dam in case the 1958 runoff exceeded the diversion tunne 
capacity.? Actually, the runoff was low and the concrete face slab was no 
overtopped. In order to permit convenient and dry construction of the outle 
works in the diversion tunnel, one bottom hinge slab of the concrete face 
rockfill dam was not placed, and the small summer flow was divertec 
through the rockfill in 1958 while the outlet works were being constructec 
and the dam was being completed. 

Tunnel Location and Alinement.— The tunnel alinement is shown on the 
plan of the dam and outlet works (Fig. 2). A right abutment tunnel locatior 
was favored initially because it would be shorter and more suitable for < 
possible future tunnel and power plant between Courtright and Wishon Dams 
However, the left abutment was chosen to avoid the deeply jointed granite 
and to be assured of the tunnel being unsupported, unlined, and watertight i 
the massive granite of the left abutment. The tunnel alinement enters the 
abutment parallel to the cutoff in order not to cross the cutoff grout curtail 
until adequate rock cover, for an unlined pressure tunnel under the dam, wat 
obtained. An acceptable criterion would have permitted the tunnel to cros; 
the cutoff where rock cover equalled about 0.7 times static head, but in orde? 
to accommodate a vertical float well, for determination of reservoir level, i 
was alined to pass under the endofthe dam where a drill hole could be driver 
from the service house to the tunnel. The cover of 0.7 static head is based o1 
the buoyant weight of rock being equal to the static head. 

Operating Requirements.—Courtright Reservoir water is released to thi 
streambed and flows to Wishon Reservoir. Runoff from the Courtright drain- 
age area is stored until sometime in July when the Haas Power Plant begin: 
to draw on Wishon storage. Courtright storage that is scheduled to be usex 
that year is then released in order to put the water through the Haas plant a 
maximum head, that is, from a nearly full Wishon Reservoir level. The re- 
quired outlet capacity was therefore the Haas Power Plant flow, 800 cfs. It i 
neither practical nor essential to release 800 cfs from Courtright when thi 
reservoir is at a low stage and a minimum design head for the 800 cfs floy 
was established. Because reservoir capacity in the lower 100 ft depth of th 
300 ft deep reservoir is only 2,000 acre ft, a practical and economical desig! 
criteria, 800 cfs discharge with 100 ft of reservoir head, was adopted 

Frequently a storage reservoir of this importance would have two similar. 
ly sized outlets in order not to rely on one only. At Courtright one regulatin 
outlet with a small bypass was accepted. The small bypass was required t 
drain the full reservoir during four months of the low inflow period. Flow 
for stream maintenance and fish life are released by a smaller valve 

Outlet Tower and Shutoff Valve Location.—In a deep storage reservoir 
with relatively small regulated outflow, a full height outlet tower and gate o 
valve is seldom used because of its high cost. A possible alternative is a gat 
or valve in a submerged outlet structure. At Courtright, the design went on 
step further and utilized a submerged outlet tower and trashrack with no shut 
off gate or valve in the tower, The shutoff valve was located in a dry chambe 
at the axis of the dam, which has the desirable feature of making the valv 
and operating system accessible, - 

Adopted Basic Layout.—Having determined the outlet tunnel alinement an 
accepted a submerged outlet without shutoff valve, three alternatives for out 
let valves and piping were considered: (1) a plug and shutoff valve at the axi 


re 
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“the dam with afree pipe inthe tunnel and discharge valve at the downstream 
Irtal; (2) a concrete embedded pipe in the tunnei from the axis of the dam to 
e downstream portal, with shutoff and discharge valves in a chamber at the 
ortal; and (3) the adopted layout shown on Figs. 2 and 3. The adopted layout 
akes maximum economical use of the excellent granite and has advantages 
yer other layouts, such as (1) lowest cost, (2) safety from freezing, and (3) 
inimum maintenance. 

Economics.—Iin locating the shutoff and discharge valves adjacent to each 
ther in the underground chamber, a 500 ft length of concrete backfilled pipe, 
ad a valve chamber at the portal were eliminated. However, the cost of the 
scess shaft and the additional cost of the underground chamber offset some 
f the saving. At this high elevation site, over 8,000, the air temperature re- 
iains below freezing several months of the year and temperatures get as low 
3 20° to 40° below zero. The dam is unattended and no power is available. 
he location of the valves and piping well underground is the best defense 
yainst freezing. The use of unlined tunnel in competent granite instead of 
10 ft of pipe removes the danger of damage to such pipe and eliminates main- 
nance, 


OUTLET WORKS DESIGN - COURTRIGHT DAM 


General.—The basic engineering considerations resulting in the adopted 
rrangement (Fig. 3) have been outlined. The more detailed design will now 
e reviewed. 

Outlet Tower.—The concrete tower (Fig. 3) with overall dimensions of 12 
-6 in, square by 30 ft highis capped with a 12 ft square by 30 ft high galvan- 
zed steel trash rack. Two 24 in. square gates are located in the base of the 
oncrete tower and are provided with a grizzly. In normal operation, the two 
mall gates are closed and the outlet flow passes through the large area box 
rash rack. When the reservoir is nearly empty, the water surface may be 
rought down below the top of the concrete tower by opening the gates. Closing 
1e gates permits inspection or maintenance of the unlined tunnel and the disk 
nd seat of the shutoff butterfly valve, while inflow is stored below the top of 
1e concrete tower. If the requirement for storage of inflow during a period of 
ecess to the tunnel had not governed, the top of the tower would have been 
et about 10 ft above ground line toprotect the steel trash rack from possible 
lides and to provide storage for water-logged debris that slides down from 
1e vertical rack bars. 

The operating cylinders for the gates are located above the top of the con- 
rete tower to permit occasional inspection and possible maintenance without 
omplete unwatering of the reservoir. Operation is by a small portable hand 
ump, and the connections are at the top of the trash rack so that the gates may 
e operated whenever the water levelis below the top of the trash rack. An im- 
ortant consideration in installing a hydraulic cylinder-operated slide gate is 
) grout the cylinder base plate in place when the gate is properly seated and 
1e piston is against the bottom of the cylinder. This prevents subjecting the 
tem, the gate frame, and gate seats tothe maximum operating cylinder force 
ach time the gate is closed. This requirement is important, and is best spelled 
ut on the installation drawing. 

Similar minimum cost outlet towers have been used for some of the com- 
any’s other reservoirs. The size of gates and minimum height of concrete 
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ower depend on the rate of reservoir inflow during the low flow season when 
he reservoir might be emptied. At Courtright, the inflow during the low flow 
season is only 2 cfs to 5 cfs and the 50 acre ft of storage below the top of the 
soncrete tower is considered adequate to give about a week of dry access to the 
unnel and to the shutoff butterfly valve. On the other hand, at Wishon 1,200 
ucre ft was considered necessary. Above the topof the concrete tower a steel 
rame with panels of rack bars provides the lowest cost trash rack. 

Pressure Tunnel.—The tunnel between the outlet tower andthe valve cham- 
yer is a 630 ft long unlined pressure tunnel under 300 ft head. It is an 8 ft-6 in. 
10rseshoe that isa minimum practicable size for construction of the tunnel and 
or construction access to the valve chamber. Head loss is not of importance 
und the velocity in the unlined tunnelis 13 fps for the 800 cfs design flow. This 
7elocity would move 12 in. rocks, andfor that reason the invert was thoroughly 
*leaned in contrast to leaving all muck in the inverts of the company’s power 
unnels that operate at 5 to 5.5 fps velocity flow. The tunnel is all unsupported 
und is unlined, except for the arbitrary lining of 30 ft from the outlet tower to 
seal positively the tunnel from the reservoir. The acceptance of the unlined 
unnel upstream from the shutoff valve toamajor reservoir is evidence of the 
successful experience with and confidence in unlined tunnels. 

Plug.—The grouted plug (Fig. 3) is 25 ft long and is subjected to a 300 ft 
1ead. Grouted plugs of 20 ft to 30 ft length have given watertight and secure 
service at many of the company’s dams and tunnel adits, operating at heads of 
100 ft to 300 ftin unlined rock. The saw-tooth shape of the excavation might not 
ye essential in rough rock excavation, but, as shown in Fig. 3, the drilling for 
wo rounds of excavation is given intentional additionalflare to provide a posi- 
ive key. For convenient drilling and grouting after the pipe is concreted in 
jlace, 3-in. threaded plugs are furnished in the pipe.-They are spaced at 45° in 
oth of the grout rings. Drilling of EX (1-1/8 in.) holes and grouting are done 
hrough these holes. The channels stiffen the pipe and confine the high pressure 
rout, as well as function as a water-stop. The grouting between pipe and con- 
‘rete is done through small 3/8 in. holes that are drilled and tapped at bottom 
ind top of areas found to be hollow by sounding the pipe. The top holes are to 
-elease air and indicate return grout. 

Pipe.—The 72-in. pipe embedded in the plug and the 72 to 48-in, pipe con- 
1ecting the butterfly and Howell-Bunger valve are conservatively designed and 
varefully installed. The cost of the pipes is nominal compared to the cost of the 
1igh quality valves, and a rugged installation is important where high energy 
ind possible vibration are involved. The steel usedis A285B, which is ductile 
ind weldable. The working stress is 9,000 psi in the 72-in, diameter pipe of 
/2-in, plate thickness. The 3 /4-in, plate connecting to the Howell-Bunger 
alve is arbitrarily thick to hold rigidly on to the cantilevered free discharge 
alve. The two large pieces are fully shop fabricated, welds are radiographed, 
ind the completed sections stress-relieved. The interior was shop coated with 
ot coaltar enamel and the exterior was shop primed for two field coats of cold 
ipplied coal tar. Flanges are riveted to the pipes after the complete assembly 
Ss made in the field. 

Dry Valve Chamber.— Access to the dry valve chamber is by a concrete 
airway in a 5 ft wide by 6 ft high shaft sloping at 45° and 200 ft long, The 
haft also serves as an air vent. Allvalves and equipment, except the Howell- 
3unger H-B) valve, are located in this chamber. The operating deck is shown in 
‘ig. 4, While the H-Bvalveis discharging, an eductor pump is also operated to 
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keep the chamber dry. The ceiling and the walls of the chamber are unsupport- 
ed and unlined in excellent granite as illustrated in Fig. 4. A 5 kw gasoline- 
electric generator is locatedinthe service house and supplies power for light- 
ing the access shaft and valve chamber. 

Shutoff Butterfly Valve.—The decision to have only one regulating outlet to 
this important storage reservoir required a reliable andrugged shutoff valve; 
a butterfly valve was selected. A trouble-free service record existed for over 
100 butterfly valves ranging in size from 3 ft to 13 ft in diameter. These valves 
are custom made toa conservative specification. The moving parts are few and 
they are rugged and simple. The seating is on a smooth rounded surface and not 
a groove in which material can be jammed. The size of the shutoff butterfly 
valve must be such that the nearby downstream free discharge valve is the pos- 
itive free discharge control. This is equivalent to saying that there must be 
positive pressure between the two valves. This conditionis obtained if flow of 
the butterfly valve under free-discharge exceeds that of the H-B valve. Meeting 
this requirement at Courtright results ina 72-in. shutoff butterfly valve teamed 
with a 48-in., more hydraulically efficient, H-B valve. 

The butterfly is operated by an oil cylinder mounted on a trunnion, The valve 
is designed to close or open under free discharge conditions. Oil pressure is 
obtained from a 300 psi water-motor operated oil pump located in the chamber 
or alternatively from the oil tank, 300 ft above in the service building. Opening 
or closing is accomplished by operation of valves on the panel board that is 
mounted near the oil tank inthe valve chamber (Fig. 4). However, operating in- 
structions require that when the operator leaves the valve chamber the valves 
be left in such a manner that the butterfly valve may be closed by opening valve 
No. 5 (Fig. 6) at the service house. This is a precaution to permit closing of the 
butterfly valve in the event some unforeseen occurrence flooded the valve 
chamber. The oil line to the service building tank is in an NX (3 in.) drill hole 
that connects to the tunnel. 

Howell-Bunger Valve.—The Howell-Bunger valve was selected as a low 
cost, rugged and well balanced valve having afavorable cone shaped discharge 
jet for dissipation in the underground chamber, The 48-in. valve is hand oper- 
ated, which is economical and is satisfactory for the infrequent operation that 
is required at this site and for that size of valve. The large air requirement 
for this type of valve is readily provided through the access shaft, The char- 
acteristics of the fixed-dispersion cone valve are well presented elsewhere4,5, 

Discharge Valve Chamber.—The discharge valve chamber is similar to that. 


,t Fontana* and Wishon®, Those installations, each having one 84-in, H-B 
valves, operate successfully. Courtright, with its small 48-in. H-B valve, is 
3ealed down in size and is as illustrated in Fig. 3. A thick and well anchored 
steel liner is used where the jet impinges on the chamber. The wall separating 
he dry valve chamber and the discharge chamber and the concrete lining of the 
jischarge chamber are arbitrarily thick and over-reinforced out of respect for 
he large amount of energy dissipated in the chamber. The air vents (Figs. 3 
and 4) project 6 ft above the floor to protect the operator from high velocity 
1ir, As seen in Fig. 4, atarpaulinhas closed the air vent to reduce the natural 


4 “Characteristics of Fixed Dispersion Cone Valves,” by Rex A, Elder and Gale B. 


erty, Transactions, ASCE, Vol, 118, 1953, p. 907. f 
a “Outlet Structures for Fixed-Dispersion Cone Valves,” by Maurice L. Dickinson, 


Stanley M. Barnes, and Robert S, Milmoe, Jr., Proceedings, ASCE, Vol. 84, No. HY 4, 


August, 1958. ; 
‘ @ «Haas Hydroelectric Power Project,” by J. Barry Cooke, Transactions, ASCE, Vol. 


124, 1959, p. 989. 
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and cold draft while the outlet works is not in operation. A ladder is installed 
in one air vent to the floor of the discharge chamber (Fig. 5) to provide an ad- 
ditional access when the H-B valve is not operating. 

Bypass Valve.—One regulating outlet assembly, consisting of a discharge 
valve and a shutoff valve, was adopted for the conditions at Courtright rather 
than two parallel regulating assemblies. Asareserve that may never be used, 
a pair of 24-in. gate valves (Fig. 3) were installed as an emergency outlet. The 
discharge capacity of the gate valves is such that they would drain the reser- 


FIG, 5.-HOWELL-BUNGER VALVE AND DISCHARGE CHAMBER - 
COURTRIGHT DAM 


voir during a summer season and permit access to the shutoff butterfly valves 
before the next runoff season. : 


Discharge Tunnel.—The discharge tunnel is a 10 ft horseshoe shaped unlined — 


tunnel on a 2% grade. Its capacity as a flow tunnel is 1,050 cfs. It is essential 


e: 


4 


: 
$ 
. 


that the discharge tunnel for the aerated H-B valve be a flow tunnel and that it 


should be impossible to release larger flows. The H-B valve with the design 
capacity of 800 cfs at 100 fthead will discharge 1,050 cfs at 170 ft head, When 
or before the reservoir level reaches the 170 ft height, operating instructions 


require that machined stop-collars be bolted on the two operating arms of the : 
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_H-B valve. These collars limit the flowto 800 cfs at 170 ft reservoir level and 
1,050 cfs at the full 300 ft reservoir level. The maximum outlet capacity varies 
between 800 and 1,050 cfs. The granite is massive and believed entirely suit- 
able to withstand the turbulent flow continuously without lining. 

| River Gage.—Downstream from the dam and spillway it is necessary to 
i measure stream flow as obtained from outlet works release, spill, and dam 
leakage. At a narrow site of exposed bedrock in the streambed, located 950 ft 
downstream from the axis of the dam, aconcrete weir 9 ft high and a record- 
_ing float well were installed. A gate was provided for sluicing and a triangular 
steel edged V-notch weir, 3 ft deep, was provided to measure flows up to 30 cfs 
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FIG. 6.—SCHEMATIC ARRANGEMENT OF CONTROL SYSTEM - 
COURTRIGHT OUTLET 


ccurately, Frequent gaging of this and other V-notch weirs has shown re- 
narkably close agreement with the calibration as computed by the formula, 


Or (252) Hal 9 o. . h ee ae es (1) 


n which H is the head. Further downstream a stream gage cable was installed 
t a suitable gaging location to provide calibrationfor higher flows over the full 
crest length of the weir. 

Reservoir Level Indicator.—It is necessary to know the water level of 


J 


ourtright Reservoir to 0.01 ft each day in order to allocate irrigation water on 
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FIG. 8.—VIEW OF COMPLETED COURTRIGHT DAM 
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a basis of daily natural flow. The reservoir site is subject to severe freezing 
and heavy snow, and is inaccessible for aboutfive months each winter. A 4 in, 
drill hole 300 ft deep, from service house to tunnel, is used as a float well for 
a water surface detector. The bottom of the well is connected to a screened 
opening outside the outlet tower by a 2-in. galvanized pipe in the tunnel. A 
blowdown valve is provided in the valve chamber to keep the 2-in. line clean. 
The detector has a 2-3/8 in.-diameter-by-14-in. float. The float is attached to 
a small-gage stainless steel wire that is controlled by a balanced lever arm 
mechanism. The wire is let in or out by a battery operated motor, actuated by 
mercoid switches on the lever arm. This mechanism, requiring neither a large 
float well nor a counterweight well, makes alow cost installation and has prov- 
en to be very reliable during its first year of service. It was planned to grout 
and re-drill the 4-in. hole to give a well that would not corrode, leak, or ravel. 
However, the cores were so good that it was considered unnecessary to drill 
and re-grout, 

The detector actuates both a recorder and atelemark radio which transmits 
the water level to the Haas valve house. Transmission beyond that point is by 
cable and by power line carrier equipment. To insure reliability, two battery 
operated 1/2 watt transmitter units are set upto send a reading alternately at 
noon and midnight of each day. 

Communications .— Courtright is an unattended dam andhas no power or tel- 
ephone circuits to it. Since it is desirable to communicate with operating or 
maintenance personnel when they are there, a battery powered portable radio is 
provided in the service house for communication with base radio stations. 


OUTLET WORKS - WISHON DAM 


The Wishon outlet works has been described previously.® Fig. 7 shows the 
layout of this site. The outlet tower, use of unlined tunnel and the outlet works 
are all similar to Courtright. Wishon outlet is combined with the underground 
Haas intake, which makes the arrangement particularly economical. 


CONCLUSION 


The dams and outlet works described herein are now (1960) completed and in 
service. Figs. 8 and 9 show the completed Courtright and Wishon Dams, On: 
each figure the three surface features of the outlet works are circled: (a) serv- 
ice house, (b) portal of access and air-vent shaft, and (c) discharge portal of 
outlet tunnel, 

The outlet works, as used at Courtright and at Wishon, were especially eco- 
nomical because of the use made of the excellent granite. This type of outlet 
requires good rock conditions. : 
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SOME ASPECTS OF SURFACE WATER WAVE SCALE EFFECTS 


By Gerritt Abraham! 


SYNOPSIS 


A study of the scale effects due tosurface tension for model studies of water 
gravity waves generated by moving pressure disturbance is presented. The 
region of the wave system, generated by the moving pressure disturbance in 
which scale effects occur, has beendetermined by explaining the physical mean- 
ing of the asymptotes occurring in the fish-line problem.2 


INTRODUCTION 


Model studies of the water gravity waves generated by a local disturbance 
of pressure, advancing with constant velocity over the water surface have been 
performed at the University of California, Berkeley. One study was of a moving 
circular low pressure area, and the second study was of a moving annular air 
jet. The first study was made inorder to gain insight on how the water (ocean) 
surface is affected by the pressure distribution of a hurricane, or gusts of low 
pressure ina wind blowing over the water surface. The latter investigation 
has been done to find out if ground effect machines, that is those aircraft that 
fly so low over the water surface that they gain a large part of their lift by 
maintaining an air cushion between the plane itself and the water surface, will 
generate waves that willendanger the stability of such planes. The investigation 
of the influence of the surface tension on the model results described herein 


Note.—Discussion open until June 1, 1961, To extend the closing date one month, a 
written request must be filed with the Executive Secretary, ASCE, This paper is part 
of the copyrighted Journal of the Hydraulics Division, Proceedings of the American So- 


ciety of Civil Engineers, Vol. 87, No. HY 1, January, 1961. 


1 Hydr, Lab., Delft, Netherlands. 
2 “Hydrodynamics,” by H. Lamb, 
272, 1945, 


Sixth Ed., Dover Publications, articles 256, 256B, 
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was a partof these studies. The results of itcould also be of interest for model 
Studies of the wave resistance of ships. 

Notation.— The letter symbols adopted for use in this paper are defined where 
they first appear, in the illustrations or in the text, and are arranged alphabet- 
ically, for convenience of reference, in the Appendix. 


DETERMINATION OF SCALE EFFECTS 


In order to determine the scale effects it is necessary to find the region of 
the wave pattern that is generated by the pressure disturbance, where neither 


Y-axis 


Curve of 
uniform phase 


O: position of pressure point at time t=O 
Q: position of pressure point at time —t 


OQ: path of pressure point 
PZ: — tangent to curve of uniform phase 
QP: — normal to curve of uniform phase 


velocity of pressure point (vt = 0Q) 


c:  celerity of wave with wave length \ 
\; dominating wave length at point P 


FIG, 1.—-NOTATION 


the shape of the wave pattern nor the wave height are influenced by surface ten- 
sion, To do so we have to know what the wave pattern will look like when it is 
influenced by the surface tension and when it is not. For the present case the 
required theory has been given by H. Lamb.2 A summary of his theoretical re- 
sults follows. For the notation refer to Fig. 1. 


OE ee ner 
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Lamb's Theory (1945).—The dominating wave length at any point of a wave 
pattern has to satisfy: 


We GOR VORA oer ec ek. RGIS BEGET ove so Siew (A) 
Eq. 1 means that the curves of uniform phase shift with the same speed as the 
pressure disturbance in the same direction. 


The wave pattern not influenced by surface tensiondue toa point-disturbance 
of pressure advancing over infinitely deep water is given by: 


p=a,cos26 . 518 end Dlekete ace eer tems) 


in which ay is a constant length that increases by ony in passing from one 


curve of uniform phase to the next with the same phase, and p is the distance 
from the position of the pressure point to the tangent in point P tocurve of uni- 
form phase. In the rectangular coordinate system the equivalent equations are 


ay (3 2082052) cos) ifs. ecccas ithe uted (3) 
and 
y=- 7 a, Gin@+sin3 0) .... eee eee e ees A) 


: The wave pattern consists of two wave systems? (Fig. 2), transverse waves, 
for which @ varies between 0°and 35°, and diverging waves, for which 6 varies 
between 35° and 90°. 
: The wave pattern not influenced by surface tension due to a point-disturb- 
ance of pressure advancing over water of finite depth d is given by 

a 2 


— tanh re Aon | ER A Oe en Ba rn en 


ay p gd 
where ag isa constant length that increases bya factor of 2 7d in passing from 


one curve of uniform phase to the next with the same phase. The wave patterns 


described by Eq. 5 are to be seen in Fig. 2. ' 
The wave pattern influenced by surface tension due to a point-disturbance of 
‘pressure advancing over water of infinite depth is given by 


a, cos a 2 
Se ee es Sanh Say a 
: a3 COS ay : cos’ a) 
or 
: Z = cos” 6 * Gos*-@ = cos ag reese, hates KO) 
3 


— nnn — : 
_ 3 «The Propagation of Groups of Waves in Dispersive Media, with Application to 
Waves on Water Produced by a Travelling Disturbance,” by T.H. Havelock, Proceedings, 


Royal Soc., London, Series A, Vol. 81, 1908. 
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Diverging wave 


(after Havelock, 1908) 


Vv: velocity of disturbance 
d: water depth . 


half angle of aperture of wedge within which 
the wave pattern is contained 


FIG. 2. WAVE PATTERNS CAUSED BY POINT DISTURBANCE OF PRESSURE ADs 
VANCING OVER WATER OF FINITE DEPTH (INFLUENCE OF SURFACE 
TENSION NEGLECTED) 
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in which ag is a constant length that increases by a factor of a. in passing 
from one curve of uniform phase to the next with the same phase: 
COS Apo = = Sabre tnhs tate eg Se allions, eek (7) 


and Cmjin is the minimum celerity of capillary waves. The wave patterns de- 
scribed by Eq. 6 are to be seen in Fig. 3. 

The four straight lines for which a = + a, are asymptotes of the curves of 
uniform phase according to Eq. 6. Their equation is 


sin @ = - eh oMaiiewen oneness ieksices es elem ois) 9 


in which @ is the angle between the axis of the wave pattern, this is the path 
covered by the disturbance, and the asymptote. The physical meaning of the 
asymptotes is closely related to the scale effects as will be shown now, first 
for deep water, and afterwards for shallow water. 

Scale Effects for Deep Water. 

Modification of the Form of the Wave Pattern due to Surface Tension Re- 
mote from the Disturbance.—The first term of Eq. 6 (a) is due to gravity and 
the second term is due to surface tension. When 


2 
Se ee ee 8) 


a, COS ay 


3 


the influence of surface tension on the form of the wave pattern is negligible 
and we get, from Eq. 6 (a) 


2 
—_— - 2c9s ol... eee we ee e410) 
a, COS a, cos ap 


which is basically the same as Eq. 2. 

Let us consider a wave pattern that is not influenced by surface tension and 
let us describe it by Eq. 10. Next let us consider a wave pattern influenced by 
surface tension. Its form is given by Eq. 6 (a). From these two equations it 
follows that the difference in p (for constant 6), Ap, due to surface tensionis 


given by 


a 7 
a cos a 
BtAp 444 eee 
. p 

or 
: 4 c4 
: Anpieth (coe aide Tit saat Pingu A 6 as P12 
pan 2 ae 14h Ce (12) 
a 4 cos 6 4v cos @ 


according to Eqs. 7 and 10. ; : 
It is obvious that the influence of the surface tension depends on the ratio 


v/¢min because when the speed of the disturbance is not much greater than the 


* : 
z 


.* 
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minimum speed of capillary waves, it is possible that the two wave lengths that 
satisfy Eq. 1 are of the same order of magnitude. In this case the contribution 
of surface tension to the resultant wave pattern may not be neglected. 


P asymptote 


es 


v =1.12 Cmin 


O: position of pressure point 

ZP: tangent to curve of uniform phase 
v: velocity of pressure point 

Cmin: minimum celerity of capillary waves 


is 
“ 
FIG. 3.-WAVE PATTERNS CAUSED BY A POINT DISTURBANCE OF PRESSURE __ 
ADVANCING OVER WATER OF INFINITE DEPTH (INFLUENCEOFSUR- _ 
FACE TENSION CONSIDERED; AFTER LAMB, 1945) 


Kq. 12 enables us to compute the influence of the surface tension on the for 

; Cmin . 4 

of the wave pattern as a function of @ and ere , in which @ refers to a wave 
pattern that is not modified by the surface tension. 
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From Eqs. 3 and 4 it follows that the points in the deep-water wave pattern 
vhere @ has a certain value 8, are situated on the lines given by the equation 


Sin fe + sin 3 6 
=arc tan22-......, (13) 
Xo 


Se ep - cos 3 6 
Oo Oo 


n which Wis the angle betweenthe lines where 6 = 6 o 2nd the axis of the wave 
attern. This equation holds for wave patterns not influenced by surface ten- 
ion. 

Suppose thatin using Eq. 12 aA exceeds acertain desired value when O65. 


Vhen @ on 35° the part of the diverging wave pattern (35° < 6 <90°) that is con- 
ained within the wedge with an angle of twice the corresponding value of Wo 


TABLE 1 


% Yo/%o 
(5) | (6) 


9 | Yo/%o % 
(2) | (3) (4) 


AP/p = 5% 


42° | 0.34 20° 


hows a larger deviation than the desired value, because of surface tension. As 
ill be shown later, when 69< 35°, the whole diverging wave pattern and the 
art of the transverse wave pattern (o < 6 <35°) outside of the wedge with angle 
[ twice the corresponding value of Y% shows a deviation larger than the de- 
ired value. 

Thus Eqs. 12 and 13 make it possible to indicate the region of the wave pat- 
‘rn that is influenced to a certain degree by surface tension. 
Some numerical values are shown in Table 1. The values of ’°/x, occurring 
1 this table have been calculated by means of Fig. 4, a plot of the functions 
‘in 6 + sin 3 6) and (5 cos @ - cos 3 @). By comparing the values of Y% with 
\e corresponding value of ¢, the angle between the axis and the asymptotes, 
e see the following: (1) As long as ¢ >19° 28' or v <3.2 cmin the whole di- 
erging wave system is influenced by the surface tension (2) As long as ¢ < 
)° 28' or v > 3.2 cmin the portion of the diverging wave system within theas- 
mptotes is influenced by surface tension, while the part outside of these asymp- 
tes is barely influenced by surface tension. As a consequence, we may draw 
€ conclusion that the area in which the form of the deep-water wave pattern 
influenced by the surface tension is contained within the asymptotes. | 
‘Modification of the Height of the Crests of the Wave Pattern bySurface Ten- 
on Remote from the Distrubance.—The pressure normal to the water surface 


| | aot 
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due to surface tension (a) is 


HY@ 


in which N is the normal pressure, and Rj and Rg are the principal radii o: 
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survature of the water surface. If we assume that Rg = 0, Eq. 14 reduces to 


Fy 
N= vee eee ee eeee sirertpesteia «eis (LO) 


When the radius of curvature of the water surface is small, the normal pressure 
lue to surface tension is large. 

The curvature of a water surface in which waves occur is inversely pro- 
ortional to the wave length; hence, the influence of the surface tension increases 
vhen the wave length gets small. In this case the effect of the surface tension 
s to make the water surface smooth. 

Fig. 2 shows that the smallest wave lengthin the deep-water pattern occurs 
n the diverging wave system near the axis of the wave pattern. If any influence 
ff the surface tension is noticed, it will be in this region. 

Let us now consider a wave with length A, and height H, in water infinitely 
leep. The shape of the wave surface is approximately 


h=Hsin > pte Mier O85 8S. es Sse Te (16) 


‘he radius of curvature of the water surface is given by 


3/2 
b+ (22 wos ® 22)? | 

=) gt ee SR os ep csnes ice ae sae (17) 
3) 2 

am Hsin ~ 27 

2 r 

xr 

1d 2 

Ee eer ee 2 inl eae) as eres Bae OT) 
R r r 


he average value of - with respect to the wave length is given by 


TT 

2 
A hap lak eal me F = BiB sar has 
plo ene ae es sin x dx 5 (19) 


Xr Oo x 


he average value of the normal pressure with respect to the wave length, N, 
given by 


MRTG 5, ah tetgmenant es ae Peat) 
= 2 
r 
1e average pressure inthe plane of the undisturbed water surface due to grav- 
vy P, is given by 
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= 2 f Hpgsinx ax - Hpg FREER ERT OB 
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An approximation of the ratio of the influence of the surface tension to the 
influence of gravity is 


= 2 
ag AES Gee «onc (ae 
P A pg 
According to Eq. 1 
2 
2_ 6% _v 2 2 
SB er = gre Cin COS 9 +++ee- 4.0.03 Cn 
min 


as long as the wave pattern is not modified by the surface tension. Substituting 
Eq. 23 into Eq. 22 gives 


N re “min og (24) 
P 


4 
Vv Cmin Pcos ¢@ 


Eqs. 24 and 13 enable us to compute the influence of the surface tensionon 
the wave height as a function of the ratio Cmin/v and the location in the wave 


% ! % Yo/Xo ¥, 
(7) | (8) | (9) (10) 


TABLE 2 


Yo/Xp 
(8) 
0,32 


pattern, assuming thatthe form of the wave pattern is not influenced by the sur- 
face tension. Some numerical results are given in Table 2. The computations 
are based on the assumptions: p = 1,000 kg per cu m, o= 0.073 N per m, g = 9.81. 
m per sec?, and cmin = 0.23 m per sec. By comparing the values for Wp with 


the corresponding value of ¢, the angle between the axis and the asymptotes, w 
see the following: 


(1) As longas @ >19° 28' or vy <3.2 Cmin; the whole diverging wave syste 
is influenced by the surface tension; } 
(2) As long as @ <19° 28" or y > 3.2 Cmin,» the part of the diverging wave 
system within the asymptotes is influenced by surface tension while the part 
outside of them is barely influenced by surface tension, 
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As a consequence we may draw the conclusion that the region where the wave 
height in the deep-water wave pattern is influenced by the surface tension is 
contained within the asymptotes. 

Because we could make a similar conclusion regarding the form of the wave 
pattern we may conclude that the region with scale effects is contained within 
the asymptotes. This explains the physical meaning of the asymptotes. When 
v <3.2 cmin the whole deep-water wave pattern is contained within the asymp- 
totes and there is no area free from scale effects. 

Scale Effects for Shallow Water.—The wave length in shallow water corre- 
sponding toa certain wave celerity is larger than the wave length in deep-water 
corresponding to the same celerity. Therefore, the influence of surface ten- 
sion in shallow-water wave pattern is, in general, smaller than the influence 
in the deep-water wave pattern. Hence the deep-water case will be the deter- 
minating case for scale effects. 

The influence is the same only in that region of the shallow-water wave pat- 
tern where the wave pattern is the same as the deep-water wave pattern. We 
will now determine for which part of the two sets of wave patterns this applies. 

The shallow-water wave pattern, without considering surface tension, is 
given by Eq. 5. This reduces to 


a ee) cos 8 me ast des Sis Vege erteanaen sha (25) 
ao g 

when 
a “2 : | OSs + Ee (26) 


Eq. 25 is thesame equationas Eq. 2, whichapplies to the deep-water wave pat- 
tern except for the constants. From Eqs. 25and 26 we may draw the conclusion 
that the shallow-water pattern is the same as the deep-water wave pattern in 
the area where 


2 
aa cos 6 <5 we eeee aOR. - ee 197) 


Eq. 27 enables us to compute the value of @cy, that is the smallest value of 6 
for which the water depth does not influence the wave pattern. We then calcu- 
late the value W%, (which is the angle between the axis of the wave pattern and 
che line on which the points of the curves of uniform phase are situated for 
which 6 = @cy in the deep-water wave pattern) by means of Fig. 4 and Eq. ne 
When @ oy = 35° or Wer < 19° 28', 2 Wer is the angle of aperture of the we Hee 
within which the form of the diverging waves is not influenced by the water 
Jepth. As long as Wey > ¢, the asymptotes will also occur in the shallow-water 
wave pattern, without being modified by the water depth. In that case the scale 
sffects are the same for the shallow-water wave pattern as for the deep-water 
wave pattern. Table 3 shows Wor as a function of v/Vgd. 


- Conclusions. , ; 
” Deep Water Remote from the Disturbance.—1. The region having scale ef- 


‘ects is contained within the asymptotes. Outside of the asymptotes scale ef- 


ects do not occur. The asymptotes are given by Eq. 8. 
eo. When v <3.2 Cmin, then ¢ > 19° 28', and there is no area without scale 


ffects because the whole wave pattern is contained within the asymptotes. 
é 
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Shallow Water Remote from the Disturbance.—3. There is a certain area 
in the shallow-water wave pattern where the diverging wave system is the same 
as in the deep-water wave pattern. This area is contained within a wedge with 
half angle Woy. The relationship between Wey and v/ Ved is shown in Table 3. 
When 


Wor 7b ceveee Laie tel asd par SAD 
conclusion 1 also holds for the shallow-water wave pattern. 


EXPERIMENTAL VERIFICATION 


The theoretical data regarding the scale effects have been checked by com- 
parison of measured values with the theoretical values of the angle ¢ between 
the axis of the wave pattern and the asymptotes as given by Eq. 8. This was 
done using aseries of experiments in the ripple tank at the University of Cali- 
fornia. A description of the ripple tank is given by C. M. Snyder, et al.4 The 
ripple tank includes anapparatus for taking pictures of the wave pattern. From 
the pictures (Fig. 5) the angle @ could be determined. In addition, during ex- 
periments on a larger scale, the angle ¢ was measured. 


TABLE 3 


0.7 19° 281 
0.8 18° 

0.9 17° 

1.0 15-1/2° 
nba 14-1/2° 
1.2 13-1/2° 
1S 12-1/2° 
1.4 11-1/2° 
1,5 nly & 


Fig. 6 shows the measured angle @ plotted as a function of the velocity v.— 
Since allthe data shown in this figure satisfy Eq. 28, the theoretical predictions — 
are in agreement with Eq. 8. The model results confirm the theory, which has 
been used to derive the scale effects. 

Characteristic wave patterns are presented in Fig. 5. These pictures were 
taken in the ripple tank. For Fig. 5 (a), v=1.3 cmin. Here only transverse 
waves exist but the angle between the asymptotes becomes more acute. For 
Fig. 5 (c), v = 3.8 cmin- Here both transverse and diverging waves exist ac- 


cording to the theory. They do not show up however. Only the asymptotes can 
be seen clearly. 


4 “Laboratory Facilities for Studying Water Gravity Wave Phenomena,” by C. M. 
Snyder, R, L. Wiegel, and K. J. Bermel, Proceedings, Sixth Conf. on Coastal Engrg., _ 
Council on Wave Research, Engrg. Foundation, Berkeley, Calif,, 1958, pp. 231-251, 
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(b) v=2.1¢, 


(c} v=3.8¢,,,, 


FIG, 5.—WAVE PATTERNS INFLUENCED BY 
SURFACE TENSION 
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Gm: minimum celerity of capillary waves D: diameter of pressure disturbance 
d: water depth F v: velocity of pressure disturbance 


, ~ i angle between asymptote and axis of wave pattern 
FIG, 6.—ANGLE OF ASYMPTOTE AS A FUNCTION OF 
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2 feet (60cm) v = 1.9 ft/sec. (57an4ec) = 0.68 foot 
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= 0.41 v/Cmin = 2.5 
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d = Ye foot (/5 0m) vi ga = 0.54 Atheory = 0.97 foot 
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Cmin: minimum celerity of capillary waves +: moment at which center of wav 

D: pipe diameter pattern (o) passes probes — 
d: water depth «: length scale: corresponds to 

Vv: carriage speed 3.33 feet in wave pattern 

y: distance to axis of wave pattern V7: position of low pressure area 


when it passes the probes 


FIG, 7,-DEEP WATER WAVE PATTERN INFLUENCED 
BY SURFACE TENSION 
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Figs. 3and 5 show a similarity between the theoretical and the observed wave 
patterns. Fig. 7 shows the deep-water wave pattern when v <3.2 cmp. Ac- 
cording to the theory only transverse waves occur for this case. Their wave 
length along the axis of the wave pattern can be calculated by Eq. 1, substituting 
@ = 0°. The observed wave length along the axis compares well with the theo- 
retical prediction. 
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APPENDIX, NOTATION 


€ Celerity of wave with wave length » 
Cmin Minimum celerity of capillary waves 
Diameter of pressure disturbance 
Water depth 
Acceleration of gravity 
Height of wave 


Normal pressure 


D 
s| 
3 
H 
N 
©) Position of pressure point at time t = 0 
3Q Path of pressure point 

PZ Tangent to curve of uniform phase 

D 


Distance from position of pressure point to the tangent in point P to the 
curve of uniform phase 


2 Position of pressure point at time -t 
2P Normal to curve of uniform phase 


R Radii of curvature of the water surface 


, Velocity 
Distance to axis of wave pattern 
7 Half angle of aperture of wedge within which the wave pattern is contained 


t Dominating wave length at point P 
» Density 
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PROTOTYPE MEASUREMENTS OF THE COLUMBIA RIVER ESTUARY 


By John B, Lockett,! F, ASCE, and Harold A. Kidby,2 F. ASCE 


SYNOPSIS 


Modern methods of measuring flow characteristics of the extremely com- 
lex Columbia River entrance system define the environmental conditions af- 
2cting the problem of shoaling in the entrance area andreyeal phenomena which 
ppear to have important significance relating to this problem. 


INTRODUCTION 


The Columbia River estuary (Fig. 1), lying along the boundary between the 
cates of Oregon and Washington, connects the inland empire of the Columbia 
iver basin with the Pacific Ocean and provides an essential water route for 
16 expanding ocean-going commerce of the Pacific Northwest. 

For nearly a century, the Corps of Engineers has been engaged in the task 
" meeting the ever-increasing needs of deep-draft navigation for a safe and 
»pendable channel at the entrance to Columbia River, This task has involved 
.e construction of several types of estuary improvements, each conceived to 
srve a specific purpose leading to the achievement of the collective goal of 
“oviding adequate channel dimensions in the most economically feasible, en- 


neering manner. 


| _ 5 = shea cp ab pee a pre ee trees eS 
egg, ecuseion open until June 1, 1961. To extend the closing date one month, a 
itten request must be filed with the Executive Secretary, ASCE, This paper is part 
the copyrighted Journal of the Hydraulics Division, Proceedings of the American So- 
sty of Civil Engineers, Vol. 87, No. HY 1, January, 1961. 

i Head, Special Projects Investigation Sect., Planning and Reports Branch, U.S. Army 
er Div., North Pacific, Portland, Oreg. 

2 Chf,, River and Harbor Sect., Planning and Reports Branch, U.S, Army Engr. Dist., 
irtland, Oreg. 
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FIG, 1.—COLUMBIA 


Prior to the adoptionof the initial permanent navigation project for the Co- 
lumbia River entrance in 1882, early improvements consisted of sporadic 
dredging in combination with construction of temporary training structures, 
It was soon realized that such limited work could not be effective in controlling 
or even influencing to any appreciable degree the forces of nature prevailing 
in the entrance and that works of more permanent character would be required. 
Accordingly, construction of a South Jetty, extending northwesterly 4-1/2 mi 
from its base at Point Adams (Fig. 2), was initiated in 1885 and completed in 
1895, Although shoal areas marking the birth of Clatsop Spit began to form 
along the north side of the jetty during its construction, a general improveme at 
in navigation conditions over the bar was evident during this period which cul- 
minated in the achievement of bar depths of 31 ft. Shortly afterward, however, 
channel conditions deteriorated rapidly until, in 1902, depths of only 22 ft were 
available. This situation led to the adoption by Congress in 1905 of a modified 
project designed to secure dependable depths of 40 ft over a width of one-hal 
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nile by extension of the South Jetty, construction of a North Jetty, and dredging. 
'y 1914, the year after the South Jetty had been extended to a total length of 
.6 mi, entrance depths had returned to 30 ft and, with completion of the North 
etty in 1917, depths of 40 ft were available through a narrow bar channel, 
"henceforth, depths andusable widths throughout the channel further improved 
nd, in 1927, minimum depths of 47 ft were available for at least full project 
idth. 
_ As previously mentioned, shoals began to form along the north side of the 
outh Jetty concurrently with the original construction of that structure. These 
als subsequently encompassed areas south of the jetty and consolidated to 
rm, in 1902, a hook-shaped land mass, called Clatsop Spit, connecting the 
1id-point of the jetty with Point Adams. In the years that followed shoal areas 
orth of the jetty continued to enlarge, particularly toward the north and west, 
itil by 1931 entrance depths had been reduced to about 43 ft. Rehabilitation 
ct jetties and construction of Jetty “A” during the period 1931 to 1939 were 
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accompanied by further westward growthof these shoals and, by 1952, notwith- 
standing an active dredging program, an inner bar in extension of Clatsop Spit 
had formed between the outer ends of the main jetties. 


EXISTING 48-FT ENTRANCE PROJECT 


To meet the needs of modern ocean navigation, Congress, in 1954, modified 
the entrance project to provide for minimum depths of 48 ft throughout the 
half-mile channel width to be secured initially by dredging and subsequently, 
if experience so warranted, by construction of spur Jetty “B” along the north 
shore, shown on Fig. 2. Dredges were successful in 1956, the initial year of 
dredging on the modified project, in securing by the end of the season in Octo- 
ber depths of 48 ft overthe full channel width, in spite of heavy amounts of er- 
ratic shoaling and scouring which accompanied the dredging operations. Ex- 
tremely heavy shoaling of the newly dredged channel during the following winter 


TABLE 1 


Calendar Quantity 


dredged, in : 
; Amount, in Percent- 
pee: goa seas 1000 cubic age of of 
eotid yards Column (2) Column (2) 


(2) (3) (4) pone 


14,436 
3,909 


18,345 


8,492 
10,255 


18,747 


months, together with lack of sufficient dredging plant, resulted inthe decision 
0 concentrate the 1957 dredging effort to the securing of project depths through- 
mut a channelof 1,500-ft width. Dredging in 1957 was also accompanied by er- 
atic shoaling and scouring over the 1,500-ft channel and was similarly followed 
yy proportionately heavy shoaling during the ensuing winter season. Approxi- 
nately 75% of the material dredged in 1956 and 1957 was disposed in an offshore 
rea approximately one mile southof the extreme end of the South Jetty (Area 
\), with the balance disposed in deep water along the entrance range (Area B); 
djacent to the inside of the North Jetty (Area C); and upriver in the vicinity 
£ Chinook Point (Area D). Quantities dredged during these years and the am- 
unts of apparent shoaling and scouring noted within the authorized channel by 
requent condition surveys are given in Table 1(a). 

_ Beginning in 1958, disposal practices were modified so as to concentrate 
lisposal of dredged materials in deeper water offshore (Area B) and to elim- 
nate disposal of these materials south of the South Jetty and near the North 
etty. Although in 1958 and 1959 shoaling and scouring generally followed the 


© 
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previously noted pattern, the magnitude of such occurrences was reduced con- 
siderably from that experienced in previous years, as shown in Table 1(b). 

While dredges have been able by the end of each dredging season to secure 
project depths within authorized or reduced entrance channel widths, shoaling 
developing during the winter non-dredging months has reducedavailable depths 
to the point where each spring itis necessary to initiate maintenance dredging 
operations inorder to secure a usable entrance channel even though of reduced 
width during the remainder of each year. Study of available dredging records 
shows that, as a rule, the entrance channel has evidenced a trend to shoal during 
the month of June and throughout the months of September through February. 
Scouring in the channel appears to predominate during the months of March, 
April, July, and August, but no predominant trend to either shoal or scour has 
been noted during the monthof May. These trends, althoughnot yet fully under- 
stood, have been evident from the beginning of dredging on the 48-ft project 
and, apparently, have not been influenced by the change in disposal practices 
initiated in 1958. The magnitude of shoaling and scouring has, as previously 
mentioned, been altered somewhat since that date. 


PROTOTYPE MEASUREMENT PROGRAM 


The Columbia River entrance, due to the severity of storms and accompa- 
nying high seas, is one of the most difficult and hazardous river entrances in 
the world to successfully navigate. Storm waves as high as 40 ft have occa- 
sionally prevailed in the entrance area for brief periods during the winter 
months, and even moderate storms make it necessary for incoming vessels to 
await offshore and outbound vessels to delay departure for days at a time. A 
more significant hazard to navigation, however, is created throughout the year 
by the treacherous Clatsop Spit shoals which, extending northward and west- 
ward of the South Jetty, encroachupon the entrance channel at the most critical 
point where its alignment changes, just inside the outer ends of the two main 
jetties. These shoals and the Peacock Spit shoals lying along the Washington 
shore are reportedly responsible for some 2,000 shipwrecks that have occurred 
at or near the Columbia River entrance in the past. Although the hazards pre- 
sented by the Peacock Spit shoals have steadily diminished through the years 
with the gradual movement of the navigation channel to the north, the Clatsop 
Spit shoals continue to threaten and endanger the entrance channel and show 
no signs of diminishing in influence, In fact, these latter shoals encroach upon 
the entrance channel year after year even though they are temporarily reduced 
by dredging each summer. ; 

In view of difficulties experienced in the maintenance of the previous 40- t 
entrance project against the continual encroachment of Clatsop Spit shoals o1 
the adopted channel alignment, the problem at the Columbia River entrance was 
reapproached in 1956 in the light of expanding knowledge of tidal hydraulic 
phenomena concurrently with prosecution of the newly authorized 48-ft entrance 
project.” In making this new approach, the advice and recommendations of 
Corps of Engineers Committee on Tidal Hydraulics were sought as a guide fo! 
future study. After careful consideration of all known aspects of the problem 
including the history of past improvements and findings of past studies, th 
Committee recommended that a general investigation of the entrance area 


3 “Interim Consideration of the Columbia River Entrance 


,” by John B. Lockett, Pro- 
ceedings, ASCE, Vol. 85, No, HY1, January, 1959, 
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launched, As the initial step of this investigation, a programof prototype meas- 
urements of current velocity and direction, as wellas salinity, would be under- 
taken to broadly define the density current regime established by environmental 
river, ocean, and hydrographic conditions within the estuary. With the effects 
of density currents thus defined, it was the view of the Committee that any ad- 
ditional structural measures, designed to reduce shoaling inthe entrance, could 
be properly evaluated in a hydraulic model study. 

In order to achieve the above goal, it would be necessary for the program to 
provide data sufficient to meet the design and verification needs of a model 
study. To this end, the proposed program would consist of three cycles of 
measurements to obtain data for conditions of low, normal, and high river dis- 
charge, each cycle to include observations of current direction and velocity 
‘or a continuous full tidal period of about 25 hr at 19 stations located on six 
ranges across the lower 52 mi of the estuary. At each station, current veloc- 
ity and directionmeasurements would be takenat 30-min intervals at the sur- 
‘ace and near the bottom and at the intervening quarter points of depth. Simul- 
-aneous observations would be made initially at one station on each range for 
a continuous period of about 25 hr to establish the relationship between ranges 
which would be followed by simultaneous observations at all stations on each 
range (generally one range per day) until all observations have been obtained, 
salinities would be observed at hourly intervals concurrently with the obser- 
vations of current velocities and directions. It was also suggested that an at- 
empt be made to obtain a few measurements of current velocities, current 
lirections, and salinities on a range betweenthe jetties. It was recognized that 
t would, no doubt, be necessary to modify details of the proposed program re- 
ating to the location of the measurement ranges to fit local field conditions. 

The program of prototype measurements as undertaken in 1959 closely fol- 
owed the recommended program with the exception that measurements were 
aken at 23 stations along seven ranges as shown on Fig. 1, and included ob- 
‘ervations of current velocity and direction, salinity and temperature at dif- 
erent levels throughout the estuary, all observations being taken at 30-min 
ntervals. This program, due to its magnitude, the complexities involved in 
nstrumentation, administration and operation, not to mention the trying con- 
litions of weather and heavy seas, represented a monumental task. However, 
n spite of these difficulties, reliable measurements were secured which will 
lerve to provide the basis for factual analysis of the forces controlling the 
egimen of the estuary area. 


PROGRAM INSTRUMENTATION 


To satisfy the major instrumentation requirements of the program, consid- 
ration was given to the use of several types of directional current velocity 
neters, Each had characteristics limiting the scope of the measurement pro- 

am. A versatile, sturdy current meter was desired that could measure ve- 
cities from asmall fractionof 1 fps to over 12 fps. The Price current meter 
et these velocity requirements but was not being used with an acceptable di- 

ction indicator. ve 
The direction-velocity problem was discussed with members of the Water- 
ays Experiment Station at Vicksburg, Mississippi, and the United States Ge- 
logical Survey Research Laboratory at Columbus, Ohio. The Waterways Ex- 
iRiment Station designed a cylindrical container about 8-in, diam and 7-3/4 © 
: high that was fastened to a 1/2-in. diam, rubber coated, 4-conductor line 
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used for suspension of a magnesyn compass transmitter and a Price meter 
The magnesyn compass was mounted inside the cylinder and the Price mete 
was suspended on a hanger bar below the cylinder. Since the cylinder and ba 
moved as one unit, any horizontal change of direction of the Price meter wa 
indicated on a compass dial mounted on a control box located above water 
Direction readings to the nearest five degrees could be obtained bythis methoc 


FIG, 3.—VELOCITY - AZIMUTH-DEPTH ASSEMBLY 


FIG, 4,—SALINITY - TEMPERATURE ASSEMBLY 


Similar equipment was developed by the United States Geological Surve 
but mounted in a different manner (Fig. 3). That agency had been testing on 
instrument consisting of a transducer for a Raytheon Fathometer mounted 
the bottom of a 140-lb brass weight suspended on the bottom of a Price met 
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unger bar in place of the lead weight normally used. It was decided to mount 
ie magnesyn Compass transmitter inthe same weight asthe transducer, there- 
y giving current velocity, direction, and distance between the bottom of the 
eight and the riverbed. A seven-conductor, pancake swivel was mounted be- 
veen the current meter hanger bar, and the seven-conductor, 1/4-in, diam, 
uspension cable. 

Both of these velocity-direction assemblies were tested around dredge dis- 
sal areas in the Columbia River estuary and out in the adjacent ocean areas 
ring May and June, 1958. It was soondetermined that the drag on the 1/2-in. 
ispension cable and cylinder of the WES instrument caused by high velocities 
as too great. With current velocities of 6 to 8 fps and with up to 50 ft of cable 
the water, the drag was so large that the angle of the cable from vertical, 
here it left the supporting crane, was as much as 58°. This trouble appeared 

stem from the use of a 100-lb weight instead of one much heavier, and the 
se of 1/2-in. conductor cable instead of one withsmaller diameter. Further- 
ore the mounting of the magnesyn compass transmitter in a non-streamlined 
rtical cylinder, instead of ina streamlined “fish,” which would also serve 
; the weight, exposed additional surface to the high velocity current. Subse- 
ient models, with the compass transmitter mounted inthe weight and the meter 
ounted ahead of the weight, have much better operating characteristics. 

No major objections were found with the USGS velocity-azimuth-depth as- 
mbly (VADA) as initially designed.4 Some difficulty was encountered with 
aterproofing the swivel and connector tothe weight. Salt water entered those 
rts causing weak signals after several hours of operation. Corrosionof cop- 
i spring contacts inthe swivel necessitated their replacement with phosphor- 
onze contacts when the original contacts broke. On the basis of these com- 
rative tests, six sets of the USGS instrument, complete with reels, were pur- 
ased for the measurement program. Minor revisions were made tothe swivel 

an attempt to seal out the water. Also, the fins of the weight were anodized 
prevent a thick film from forming. 

Consideration was given to taking water samples at each station at the five 
svations and determining the salinity by titration later in the laboratory. Five 
adings were to be taken on eachof five boats every 1/2 hr for each of seven 
-hr periods for the three different stages of upland discharge. If all of the 
adings were taken, there would have been 26,775 samples to be collected, 
ansported, stored, and eventually titrated. In the interest of reducing the 
rkload, it was felt that a less exact methodof measuring salinity would suf- 
e for the needs of the data collection and analysis program. A search for 
iormation concerning various conductivity cells and remote-reading resis- 
1ce indicators revealed that there were several instruments that could be 
ed. Specifications were prepared for purchase of needed conductivity cells 
d resistance indicators. Salinity was expected to vary from freshriver water 
the salt water of the ocean, thus a scale indicating salinity in parts per thou- 
nd from 0 to 40 was specified. 

As salinity varies with the temperature of the water samples, it was ne- 
ssary to obtain concurrent measurements of water temperature. Tempera- 
‘e cells and remote reading wheatstone-balanced bridges were used for that 
rpose, 

‘The conductivity and temperature cells were mounted on a bracket, shown 
Fig. 4, above a 140-lb brass weight identical in shape to the VADA weight 


Z «New Instruments Developed by the U.S.G.S.for the Measurement of Tidal Flow,” 


Edgar C. Barron, Presented at the July 1959 ASCE Hydr. Conf, in Fort Collins, Colo. 
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but solid inside. Short leads from the cells were connected to leads from the 
suspension cable inside a short stainless steel hanger that was clamped to the 
lower end of the suspension cable. The soldered connections were then em- 
bedded in a hard plastic filler that waterproofed the connection, Seven-con- 
ductor suspension cable identical to that provided for VADA was used. A stan- 
dard USGS reel was modified to receive the 1/4-in. diam cable and lay it one 
thickness on the drum, the same as for the VADA unit. A smaller diameter 
secondary reelor spool was mounted on the right end of the salinity-tempera- 
ture reeland wound with 70 ft of 4-conductor wire sothat the wire onthe spool 
would unwind while the 1/4-in. cable on the reel was winding up. Both the sa- 
linity and temperature bridges were connected to the 70 ft of wire onthe spool, 


Multi-conductor 
suspension cable 


Power reel 


Rotating 
boom head 


Metering assembly 
attached here 


6 ft 


FIG, 5.—PILLAR CRANE . 


Such an arrangement was found necessary in order to have solid connections. 
between the cells and bridges, None of the manufacturers of the cells and 
bridges would guarantee results if a spring-loaded slip connection were used 
as in the VADA units to connect the bridges to the cells, | 

As the metering and salinity-temperature assemblies were to be used ove: 
the side of small boats, a crane was needed that could raise the bottom of the 
weights 30 in, above the deck and far enough away from the side of the vessel 
so that the danger of striking the instruments against the boat hull would be 1 
minimum, Pipe was used for the main structural members of the pillar cran 2 
shown in Fig. 5. A rectangular base supported the upright pipe that held the 
rotating boom head. Either reel could be bolted to the metal base and opera 
ted by a 12-v electric motor mounted underneath the reel base, An 8-in.-diam 
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heave was mounted on the upper end of the boom head so that the supporting 
able for the metering assembly would be 4 ft 4 in, forward from the axis of 
he vertical support for the boom. Either U-bolts fastened directly to the tri- 
od base or filled sandbags on extensions to the base were used to counter- 
eight the pillar crane to prevent it from overturning. 

Other equipment required to make the measurements included six 12-v bat- 
=ries for each boat andone 30-amp gasoline-engine powered battery charger. 
. cable angle-indicator was provided to measure the angle of the cable from 
ertical when the instruments were used in high velocities and the angle was 
ppreciable, Flashlights, as well as electric head lamps and spare batteries, 
ere provided for each boat. Spare parts for the Price meters werealso avail- 
ble. One complete set of VADA and salinity-temperature assemblies with 
lectric motors and pillar cranes was kept on the control boat for emergency 
se. 

Automatic tide gage recorders were maintained at Fort Stevens boat basin, 
‘ongue Point Naval Base, Wauna, Beaver Army Terminal and Columbia River 
ackers Association Dock at Altoona in order to keep a record of tide stage 
nd variation during the data measureing periods. 


PROGRAM ADMINISTRATION 


Administration tasks associated with the program included the procurement 
“necessary equipment, rental of vessels, training of equipment operators, and 
pordination of program details with fishery and navigation interests. Assem- 
lies and pillar cranes previously described were obtained by contract with 
‘cal manufacturers. Small items, including repair parts and flashing lights 
ir buoys, as well as battery chargers, were obtained by direct purchase, Stor- 
ze batteries were rented for each of the three measurement periods. All 
yuipment was assembled at the Government Moorings in Portland prior to 
ovement by truck to the small-boat basin at Astoria which served as field 
sadquarters forthe program. Specifications were prepared? to meet the par- 
cular requirements of the control boat, the master metering boat and four 
etering boats and these vessels were hired through normal contractual pro- 
adures on an hourly rental basis. Several bids were rejected for lackof deck 
pace or adequate cabin space for setting up recording and auxiliary equipment. 

Professional engineers and engineer technicians from the Engineering Divi- 
on of Portland District were selected as equipment operators and were in- 
ctrinated by means of a special training program. Each operator was fur- 
shed a20-page brochure describing the purpose of the prototype measurement 
‘ogram and related administrative and technical details, prior to a general 
‘ientation session to insure a thorough understanding by all of their specific 
ities. This was followed by a4-hr session in which each operator was taught 
\w to assemble, operate, and maintain each item of measuring equipment. It 
ter became obvious that at least 10 hr to 12 hr should have been devoted to 

rpose. 
| oe were held with the United States Coast Guard to determine the 
pe of buoy required to mark the location in the estuary of each measurement 
ation, the availability of such buoys, and needed appurtenant equipment. As 
e result of these discussions it was necessary to purchase by contract addi- 
ynal anchor chain to meet the requirements of the program. At the request 


5 Specifications Accompanying Invitation No. CIVENG-35-026-59-142, U. S, Army 
gr. Dist,, Portland, Ore., February 13, 1959, 
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of the Columbia River Fisherman’s Protective Association, arrangements were 
made to forego the use of buoys at Stations C and D on Range 2 to eliminate 
interference with fishermen’s néts onestablished drifts and to remove and re- 
place buoys at Stations D and E on Range 3 during the August fish runs. Some 
minor shifting of station locations in the back channels was made at the sug- 
gestion of tug and barge operators to avoid accidental removal of buoys by log 
tows. The Columbia River Bar Pilots Association and Columbia River Pilots 


TABLE 2.,—ANCHOR DATA 


Range | Approxi-| Date Type of bouy Anchor Chain 
and mate of (unlighted) weight, 
station | depth? survey in tons Shots 
in feet — b 
quired 


(3) (4) (5) 


1-A Aug 1957 First class 3 

1-B Aug 1957 First class can 3 

1-C 36 Aug 1957 First class can 3 

1-D 26 Aug 1957 First class 3 

2-A 35 Aug 1957 First class 1 

2-B 39 Jun 1958 First class can i 

2-C 54 Aug 1957 No buoy 

2-D 50 Aug 1957 No buoy 

3-A 40 Jun 1958 First class can 3.2 a 

3-B 33 Aug 1957 No buoy 

3-C 20 Aug 1957 First class can vl i! 

3-D 37 Aug 1957 First class can 2.1 1 

3-E 58 Aug 1957 First class can peak 1 

4-A 50 Sep 1957 First class can 2,1 1 

4-B 22 Sep 1957 First calss can 2.1 1 

4-C Sep 1957 First class can 2,1 ak 

4-D Sep 1957 First class can 3.2 i 

5-A May 1950 First class can 2.1 1 : 

5-B Sep 1957 First class can 2.1 1 3 

6-A Dec 1958 | First class can 2.1 1. = 

6-B Dec 1957 First class can 2.1 ut : 

7-A Nov 1956 First class can 2.1 It 

7-B Dec 1957 First class can 2.1 1 
. 


2 All depths referenced from mean lower low water. 
b One shot of chain equals 15 fathoms, or 90 ft. 
pane. LLL = iS — SSS ee 


Association were notified of proposed activities and the Coast Guard was fur- 
nished the latitude and longitude of each buoy for publishing in its notice to 
mariners well in advance of the placement of buoys, 


PROGRAM OPERATION 


Field operations, with the attendant requirement of extreme accuracy an 
timing of observations, occasionally in the face of adverse weather and wave 
conditions, represented the most difficult phase of the measurement program 
Initial operations involved the placement of buoys by the Coast Guard early i 
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pril, 1959, to mark the locations of measurement stations. First class can 
uoys were selected for this purpose and were painted international orange 
ith a broad white band within which the station and range number was con- 
picuously painted in orange. Amber-flashing, waterproof, dry-cell-powered 
ights were bolted to a 90° ell welded tothe top of each buoy and concrete sink- 
rs ranging up to 9 tons in weight were provided to anchor the buoys in posi- 
ion. Approximate depth, size of anchor, and length and type of anchor chain 
sed for each buoy are indicated in Table 2. 

Four equipment operators were assigned to each of the six vessels providing 
wo 2~man operator crews for alternate 12-hr shifts throughout each 8-day 
1easurement cycle. One operator was designated as party chief for each boat 
nd was made responsiblefor administrative control and proper functioning of 
1e team. 


TABLE 3,.—DAILY DISTRIBUTION OF METERING BOATS 
MY BOAT 
Sta- i 
tion | i 
(10) 


Sta- 
tion |in nauti- 
(8) 


25-hr 

1eter- 
ing 

eriod 


(1) 


1.0 de7 12 5.8 6.0 
0 12:9 12.6 9.9 10.0 
0 3.3 3.0 3.1 3.4 
0 16.1 15.8 16,1 16,6 
0 12.6 9.0 18.9 15.9 
0 0 6.7 feat! Wed 
0 10.1 24.6 15.1 0 

1.0 7.9 9.3 Mya 32,7 


‘ The control boat, the SUJAN, in addition to representing an immediate source 
supply of spare equipment and the means for supervision and controlof oper- 
ions, was also used to ferry operator crews to and from shore bases estab- 
shed at Fort Stevens, Astoria, Svenson, Knappa, and Westport for the purpose 
reducing the time required for changing shifts. 

Two operators, having experience the previous year in operating the VADA 
uit, arranged and set up the measuring equipment in each metering boat. In 
eral, one VADA unit and one salinity-temperature unit were mounted on 
lar cranes on opposite sides of each vessel in such a manner to insure that 
e equipment would not strike the sides when the vessel was tossed about by 
aves. Control of the amount of cable in the water was effected by means of 
productimeter counter attached to the shaft of each reel. At the higher river 
slocities, the equipment did not hang vertically, causing the reel counter to 
dicate erroneous depths. When this occurred, the cable-angle indicator was 
ed to measure the angle of the cable from the vertical and an appropriate 
pth correction value was applied. All vessels were equipped for radio com- 
unication and special crystals with frequency of 2,326 kc were provided. 
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Station A, Range 3, the master metering station, was occupied by the me- 
tering boat, CATANA, continuously throughout each 8-day measurement cycle. 
The four other metering boats, the MORNING STAR, ROSIE, MARY K, and MY 
BOAT, were phased among the remaining 22 stations to obtain combinations of 
25-hr measurements at each station as shown in Table 3. 

All boats, personnel, and equipment were assembled at the Astoria small- — 
boat basin at 8:00 a.m.on thefirst day of thefirst measurement cycle. Equip- 
ment was placed aboard, assembled, and tested before each boat was dispatched 
to its initial station. The control boat contacted each boat by radio as soon as 
it was underway, and later the exact starting hour of all measurements was 
determined, Thereafter radio communications were limited to emergency and 
essential messages, with adequate coverage being provided by a 5-min listen- 
ing period beginning at 15 min before andafter each hour. For the first meas- 
urement cycle all boats occupied stations on Range 3 to reduce the movement 
of the control vessel, thereby facilitating the checking of operations, repairing 
of equipment, and assisting the operator-crews to become proficient with the 
measurement routine. Considering the difficulties that arose from lack of ex- 
perience during this initial phase, it is believed that the program would have 
been severely hampered if the metering boats had been spread over two or 
more ranges at that time. At the completion of the initial 25-hr period, equip- 
ment was secured, and the boats moved to the next assigned station in accord- 
ance with the schedule shown in Table 3, 

Data obtained consisted of observations every 1/2 hrof current velocity and 
direction, salinity and temperature at five different levels at each station. 
These levels were located 3 ft below the water surface, 2 ft above the bottom, 
and at the intervening 1/4, 1/2, and 3/4 depth levels. Observations were re- 
corded on a specially prepared form (Fig. 6). 

The initial cycle of measurements was undertaken from May 5 through May 
13, 1959, a period of normal river flow, when the discharge ranged from 365, 000 
to 404,000 cfs in the lower estuary. The tidal pattern at Tongue Point during 
that period and subsequent measurement cycles is shown in Fig. 7. Successful 
times of observation at eachstation during the initial cycle are indicated by the 
bar graph of Fig. 8, Records were kept of missed observations which were 
subsequently analyzed to determine whether caused by equipment failure or 
other reasons with the result that minor modifications were made to the equip- 
ment where needed to improve its operation, : 

The second cycle of measurements was accomplished between June 16 and 
June 24, 1959, a period of high river flow, when the discharged ranged between 
532,000 and 577,000 cfs. The bar graph shown in Fig. 9 indicates considerable 
improvement in the number of successful observations obtained. : 

The final cycleof measurements was made between September 15 and Sept- F 
ember 23, 1959, a period of low river flow, when the discharge ranged between 
153,000 and 214,000 cfs. Fig. 10 shows that the number of successful opera-_ 
tions during this cycle was almost as great as during the preceding cycle. 


ANALYSIS OF DATA 


Observations taken in the Columbia River Prototype Measurement Program 
during 1959, which aggregate approximately 25,920 measurements, are now 
being analyzed by Portland District. The analysis study of that office is ori- 
ented toward determining from current observations the flow predominance 
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at the different stations and depth levels indicated during eachof the three con- 
ditions of upland discharge. These determinations, confirmed by concurrent 
salinity and temperature observations, will broadly define the pattern of cur- 
rents within the estuary and thus provide a basis for evaluation of the effects 


CURRENT VELOCITY, DIRECTION, DEPTH, SALINITY, AND TEMPERATURE DATA 


RANGE: 3 _sTaTIon: A pave: | MAY 1959  surverpoat: CATANA 
OBSERVERS: TE RVOOREN CURRENT METER NO: 
——____ CARLSON curren pimecrion Assmey wo:_ 50,54" 
SALINITY CELL NO: bo4es?¢ 
WIND: oO TEMPERATURE CELL MO: 604580 


WEATHER CONDITION: CLEAR, COOL 


REMARKS ; E 


HOURLY OBSERVATIONS 
Time start traverse: O°VSS Sounding:+ 36 ft 
End traverse: 10/0 ‘ Depth: Ay ft. 


Cur- 
veto | Sort | amazes pte 
Time | city | direc- We 
Single| Penta | (sec.)} (fps) | tion® (PPT) 
3 R 
errr ren" | 


HALF-HOURLY OBSERVATIONS 
Time start traverse: 1025 Sounding:+ 33 ft. 
End traverse: 1044 Depth: 3¢ ft. 


Cur- pee ey Correct=pSAL. 
ADA Revolutions Velo- | rent |] Measured | Temp ed sal- TEM 


Time city | direg- |] salinity cS it 
tga ea | a S| ae” | 
| 200 | 40 | 40 TT py al Ral 


[iéi2\|2e5 | 2 | 59,3 20 


Depth 
(ft. ) | 
4813 Swe 


1. Sounding teken with transducer 1 ft. below meter with axis of meter at water surface. 
2- Magnetic azimuth - degree ; 


FIG. 6,—SAMPLE RECORD FORM 


f the currents on shoaling at the estuary entrance. In addition, the District 
ingineer is undertaking studies of past dredging of the entrance channel and 
1e lower estuary area, changes in areas of scouring and shoaling, amounts of 
couring and shoaling occurring within the channel below the 50-ft depth level, 


Z, 
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and new areas of shoaling which may have developed since attainment of modi- 
fied project depths. The results of these latter studies, together with the office 
analysis of observed data, will be presented for review by the Committee on 
Tidal Hydraulics and other echelons of the Corps of Engineers in the fall of 
1960, and it is anticipated that decision will be reached shortly thereafter re- 
garding the course of further investigation which may include ahydraulic model 
study. 

Due to the present status of the office analysis of observed data which is in 
progress, it will not be possible to present at this time a complete and fully 
evaluated analysis of all the data obtained. It will, nevertheless, be possible 
to consider some of the indications revealed by the portion of the analysis which 
has been completed to date, particularly that relating to observations taken on 
Ranges 1 and 2. In doing so, it should be recognized that observations taken 

10 
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FIG. 7.-TONGUE POINT TIDAL PATTERNS 
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4 


along these particular ranges deflect the action of forces prevailing at these 
locations only and, in order to arrive at sound conclusions relating to the na- 
ture of these forces throughout the estuary, it will be necessary to evaluate 


4 


estuarine phenomena, The preliminary examination of observations on these 
two ranges discussed below is made with that qualification, ; 
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such flow at those levels. Fig. 12 shows changes in flow predominance noted 
at all stations and levels during each river discharge cycle of measurement on 
Range 1 and Fig. 13 shows similar information obtained from observations 
taken on Range 2. Data from which these curves were derived are contained 
in Tables 4 and 5, respectively. 


RANGE 1 OBSERVATIONS 


Range 1, located between the jaws of the jetties and approximately 1-1/4 
‘mi above their seaward ends, marked the seaward geographical limit of the 


TABLE 4.—FLOW PREDOMINANCE - RANGE 1 


Percentage Flow Downstream at Different 


eaten and Depth Magnitudes of Upland Discharge 


High® Normal? Low° 
(a) (2) (3) (4) 
Station A 
: Surface 81.5 No Observations 61.6 
| Taken 
1/4 depth 77.2 56.9 
: 1/2 depth 72.5 50.2 
| 3/4 depth 65.1 44,7 
: Bottom 59.8 - 
i Station B 
i =e 
| Surface No Observations No Observations 71.0 
| Taken Taken 
1/4 depth 63.9 
1/2 depth 57.0 
i 3/4 depth 51.7 
| Bottom 5 
Station C 


Surface 

1/4 depth 
1/2 depth 
3/4 depth 
| Bottom 


Station D 


¥ Upland discharge at entrance on June 18, 1959 estimated at about 577,000 cfs. 

Upland discharge at entrance on May 6, 1959 estimated at about 378,000 cfs. 

© Upland discharge at entrance on September 16, 1959 estimated at about 153,000 cfs. 
For one-half tidal cycle period of 12.42 hr, 


leasurement program, Due to its proximity to the sea and its generally ex- 
osed position, vessels taking observations along that range were subject to 

7 vagaries of unfavorable waves, wind, and weather and, occasionally, failure 
f equipment was experienced. In general, observations on this range were, 


im 
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except for the low river discharge cycle of measurements, incomplete at on 
or more stations. At the high river discharge cycle, equipment failure pre 
vented full observations at Station B and, during the normal river discharg 
cycle, rough sea conditions and stormy weather prevented the taking of com 
plete observations at Stations A, B, and C. 

At Station A, which lies 4,200 ft north of the South Jetty and where the tota 
depth averages about 25 ft, flows at all depths during the high river discharg 
cycle were predominantly downstream in direction, although somewhat les: 
in downstream predominance along the bottom than at the surface. During th 


TABLE 5.—FLOW PREDOMINANCE -RANGE 2 


Station and Depth Percentage Flow Downstream at Different 
Magnitudes of Upland Discharge 
High@ Normal Low’ 
(1) (2) (3) (4) 
Station A 
Surface 87.1 81.1 
1/4 depth 81.3 74.3 
1/2 depth 83.0 66.7 
3/4 depth TA) 60.7 
Bottom 78.5 51.2 
Station B 
Surface 
1/4 depth 
1/2 depth 56.6 
3/4 depth 52.3 


Bottom 


Station C 


Surface 

1/4 depth 

1/2 depth 51.9 
3/4 depth 50.7 


Bottom 


& Upland discharge at entrance on June 19, 1959 estimated at about 570,000 cfs. 
For stations A+ B, upland discharge at entrance on May 7, 1950 estimated at abo 
404,000 cfs, 
© Upland discharge at entrance onSeptember 17, 1959 estimated at about 163,000cf: 
d Upland discharge at entrance on May 12, 1959 estimated at about 365,000 cfs. 


low river discharge cycle, surface flows were predominantly downstream al 
though less predominant in that direction than during the high river discharg 
cycle. However, below mid depth, flows were slightly predominant in the ur 
ie direction, reaching the greatest upstream predominance at the lowe; 
epths. 

During the low river discharge cycle, surface flows at Station B, where tk 
total depth is about 50 ft, had a greater downstream predominance than thos 
at Station A, which predominance was gradually lessened in the deeper level! 


until it vanished entirely along the bottom, where flows were neither dowr 
stream nor upstream in predominance, 
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Flows at all depths at Station C, where the total depth is about 44 ft, during 
the high river discharge cycle were predominantly downstream although con- 
siderably less predominant in that direction along the bottom than at the sur- 
face, where more than 90% of the total flow was downstream. However, during 
lower river stages, notwithstanding a significant downstream predominance at 
the surface, flows at the bottom, like those at Station B, demonstrated neither 
a downstream nor upstream predominance. 

At Station D, located in the cul-du-sac between the North Jetty and Jetty 
“A”, where the total depth was about 27 ft, flows at all depth levels were pre- 
dominantly upstream in direction at all different river discharge measurement 
cycles, except at the surface during the low flow cycle where a slight down- 
stream predominance was noted. This wasto be expected since the station was 
located in an area that was known to have a clockwise eddy for most tides and 
flows. 


RANGE 2 OBSERVATIONS 


Observations at three of the four stations on Range 2 were, in general, fairly 
complete throughout each different river discharge measurement cycle. At 
Station D, stormy weather caused the loss of equipment during the low river 
discharge cycle and during the normal and high river cycles, the measuring 
boat anchors failed to hold. As a consequence no complete observations were 
taken at Station D during any measurement cycle. 

At Station A, which lies along the left side of the navigation channel some 
1,800 ft northand east of the low water line of Clatsop Spit and where the total 
depth is about 42 ft, flows at all depths during the normal and high upland dis- 
charge periods were found to be predominantly downstream in direction although 
along the bottom the downstream predominance of these flows was less than at 
the upper depth levels. This pattern of downstream predominance generally 
prevailed but to a lesser extent during the low upland discharge cycle, except 
along the bottom where flows had a very slight downstream predominance. 

_ Flows at Station B, lying just off the right side of the navigation channel 
where the total depth is about 43 ft, evidenced a similar predominance to those 
of Station A during the high river discharge cycle. During the normal river 
discharge cycle, flows at Station B, although similar to those at Station A at 
the surface and bottom, revealed a somewhat less downstream predominance 
at median depths. At the low river discharge cycle, flows above the bottom 
were predominantly downstream, although to alesser degree thanat Station A, 
but along the bottom neither an upstream nor downstream predominance was 
evidenced. 

At Station C, which lies along the left side of a natural deep arm of the es- 
tuary some 6,000 ft south and west of Sand Island, where thetotal depth is about 
54 ft, flows at all depths and at all stages of upland discharge revealed lesser 
evidence of downstream predominance than was noted at Station B. During the 
high upland discharge cycle, flows were predominantly downstream at all depths 
although of lesser predominance than indicated at Stations A and B. This trend 
was noted throughout median depth levels during the normal upland discharge 
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period. During the lowupland discharge period, flows below the 3/4 depth level 
were predominantly upstream in direction. 


PRELIMINARY EVALUATION OF OBSERVATIONS ON RANGES 1 AND 2 


Study of the observations taken at Station Don Range 1 suggests the possible 
existance of a predominant upstream flow at all depth levels and at all stages 
of upland discharge inthis general vicinity. Although probably the result of an 
eddy condition created inthis cul-du-sac area, the existance of such an unusual 
flow is evidence of very complex currentaction in this area which may be re- 
lated to the general regimen of the adjacent estuary bottom. 

If observations on Range 1 are further considered without regard to those 
obtained on upstream ranges, it might be logical to expect evidences of greater 
upstream predominance as depths become greater throughout the cross-section, 
This would indicate that bottom flows at Stations B and C, with average depths 
of 50 ft and 44 ft, respectively, should show greater upstream predominance 
than bottom flows at either Station A (depth about 25 ft) or Station D (depth 
about 27 ft). This, however, is apparently not the case as bottom flows at both 
Stations A and D demonstrate a more marked upstream predominance than 
flows at either Stations Bor C, The reason for this variance from the nor- 
mally expected condition is not clear unless, under the influence of the eddy 
condition just mentioned, the strength of density currents at this range varies 
not only in the vertical but also in the horizontal, thus evidencing a tendency 
to be more pronounced at Stations A and D. It also appears possible that an 
eddy condition similar to that presumed along the opposite shore may prevail 
near the westerly limits of Clatsop Spit. 

Examination of flow predominance for Range 2 reveals a general tendency 
for the downstream predominance of flows at all levels and at all river stages 
to progressively diminish beginning at Station A and proceeding across the 
range to Station C. This suggests that the northern portion of this range lies 
within a region of more active density current influence, which region could 
constitute the primary route of advance and retreat of the saline wedge phe- 
nomena. 

Considering the relative degrees of bottom flow predominance noted along 
Ranges 1 and 2, it appears doubtful that at stages of low upland discharge the 
flow predominance pattern permits material moving down the river to be per- 
manently discharged into the sea. In fact, bottom upstream velocities observed 
during the low river discharge cycle appear to be more thancompetent to move 
sand from the sea intothe entrance area. At normal and high cycles of upland 
discharge, bottom flows, except at Station D on Range 1, are predominently 
downstream in direction and are competent to move bottom materials to the 
sea during times which those stages prevail. 

The degrees of bottom flow predominance noted at any station during the 

different measurement cycles generally reflect the changing competency of 
currents, as influenced by corresponding magnitudes of upland discharge, to 
move shoal materials in either a downstream or upstream direction, For ex- 
ample, at Station C on Range 2, when the upland discharge was 570,000 cfs, the 
percent of bottom flow downstream was computed to be 62.1; when this dis- 
charge was reduced to 365,000 cfs, the percentage was reduced to 55.9; and 
finally, when the discharge was 163,000 cfs, the percentage was further reduced 
to 41.3, indicating at this discharge a majority 58.7% of the total bottom flow 
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was in an upstream direction. From interpolation of these data it may be as- 
sumed, for river discharges greater than 280,000 cfs, bottom flows have var- 
ying degrees of downstream predominance and for river discharges less than 
280,000 cfs bottom flows have varying degrees of upstream predominance, Ref- 
erence to the duration curve of the Columbia River at The Dalles, with due al- 
lowance for inflow between that point and the river entrance, shows that river 
flows greater than 280,000 cfs prevail for only about 25% of the time. Accord- 
ingly, it would appear that in order to assure a net permanent downstream 
movement of bottom materials throughout the year, the net competency of bot- 
tom ebb flows during times of discharge greater than 280,000 cfs would have 
to be more than three times the net competency of bottom flood flows during 
the remainder of the time. Since, however, observed maximum bottom ebb 
velocities are only slightly greater than maximum bottom flood velocities, 3.8 
as compared to 3.6 fps, prespectively, it appears resonable to conclude that 
there is nonet downstream bottom movement of materials at this station. Sim- 
ilar examination of bottom flow predominance patterns at other stations on 
Ranges 1 and 2 raises doubt that the inner bar portion of the estuary is capa- 
ble of maintaining project dimensions at the present time without yearly re- 
moval of shoal materials or without further structural improvement to render 
annual dredging unnecessary. Past history, of improvement of the Columbia 
River entrance appears to confirm this conclusion. 
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HYDRAULIC COMPUTATIONS FROM LIMITED INFORMATION 


By Cecil K. Oakes,! F. ASCE 


SYNOPSIS 


A shortage of data and information on a project area often makes it neces- 
sary toemploy methods designed to make the most of what areavailable in cli- 
matological, hydrological, and physical data in studies and investigations for 
drainage and flood control and the design of hydraulic facilities. 

The writer describes methods, together with sample results, recommended 
for use in certain types of hydrologic and hydraulics computations where lack 
of time and/or funds will not permit obtaining additional basic data and infor- 
mation. Methods are discussed for computing peak discharge rates and dis- 
charge hydrographs from watersheds; discharge rates over embankments; low 
‘lows or runoff from watersheds; and stage-discharge relationships. Some of 
he improbabilities incomputed results by the methods discussed are mentioned 
ind where feasible, at least two methods are recommended as a check on the 
celiability of these results. 


INTRODUCTION 
The lack of sufficient hydrologic information on a project area when studies 
ind investigations for drainage and flood control and the design of hydraulic 
acilities are required places the engineer in a predicament. This lack of data 
requently stems from the urgency for ananswer demanded by his clients. The 


Note.—Discussion open until June 1, 1961. To extend the closing date one month, a 
mitten request must be filed with the Executive Secretary, ASCE, This paper is part 
f the copyrighted Journal of the Hydraulics Division, Proceedings of the American So- 
oy of Civil Engineers, Vol. 87, No. HY 1, January, 1961. 

1 chf., Hydrs. Sect., Louisiana Dept. of Pub. Works, Baton Rouge, La, 
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nature of the problem is such that sufficient time is not available to collect 
needed hydrologic data. In mostcases a long period of waiting for extreme cli- 
matological conditions to occur would be required. 

The use of methods which are described in this paper are recommended 
where factual dataare lacking. Louisiana is looking to its water resources and 
have in progress a vigorous and comprehensive program of data collection. A 
state-wide network of continuous record gaging stations supplemented by high 
and low-flow partial record stations provides a wealth of surface water data and 
information. 

Comprehensive studies of Louisiana rainfall, including intensity, duration, 
and frequency data is available andin print. Flood-frequency relationships have 
been developed on anareal basis for most of the state which provide flood data 
for watersheds above 25 sq miles. Studies are underway and in the next few 
years it is expected that the water supply characteristics of Louisiana streams 
will be published which will provide low flow data for most of the areas in the 
state. 

In the past, a shortage of data has necessitated the use of synthetic methods. 
There is yet in need of flood informationon runofffrom small watersheds. This 
paper deals with methods to be used in those areas where these deficiencies 
exist. 

With a limited amount of climatological, hydrological, and physical data 
covering the project area, the accuracy of the answers obtained will be largely 
a measure of the engineer’s judgment and diligence in searching for and using 
allavailable data and information, including the transposition of data from other 
watersheds. In many cases, he can at best hope to come up with computed an- 
swers that are reasonably close to what will result from the actual occurrence 
of rainfall or flood flows on which the computations are based. 

The computation of discharge hydrographs, peak discharge rates for various 
storms, and for recurrence frequencies and low or minimum runoff from a 
given watershed; the discharge over obstructions; and the construction of stage- 
discharge and stage-slope-discharge curves are discussed herein. 


DISCHARGE HYDROGRAPHS AND PEAK RATES 


In computing discharge hydrographs for storm runoff from an area, the de- 
tails with which the computations should be made will be dictated by the nature 
of the structures involved. Instantaneous peak rates will be required for drain- 
age channels, culverts, and bridges. Where peak inflow rates are dampened 
by storage in areas that serve as reservoirs, even for short time periods, it 
is often more essential to determine the volume of runoff for time periods of 
certain length. From this hydrograph and a stage-volume (capacity) curve of 
the reservoir area, a flood routing computation is then made to determine the 
instantaneous peak outflow from the area. 

For small watersheds, having periods of concentration (the time required for 
all the watershed to contribute runoff to the point in question, design point ir 
this paper) of a few hours the rational formula (Q = C i A) is satisfactory fo1 
determining instantaneous peak discharge rates. For larger watersheds some 
other method should be used. A unit hydrograph or a distribution graph can be 
more reliably employed to make this determination. For storms having recur- 
rence intervals upto about 50 yr, these peak rates can be determined for mos 
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areas in Louisiana in excess of about 25 sq miles from a 1952 publication.2 
This determination, made by the U. S. Geological Survey, was based on the an- 

nual instantaneous peak discharge rates of record over the state. In many cases 
the existence of hydrographs having considerable variation in peak time will 
cause considerable doubt as to whether the computed instantaneous peak dis- 
charge rates are reasonably close to what can be expected from the watershed 
under the assumed conditions of rainfall and runoff. In such cases two methods 
of approach should be used. If the resulting answers are considerably different, 
more researchand refinement of the assumptions and computations maybe re- 
quired. By use ofa distribution graph, transposed from another area of similar 
size and characteristics, and an actualstorm equal to one of agiven recurrence 
frequency, the writer, in computing these peak discharge rates from watersheds 
in Louisiana, has obtained results that were within 5% of the values obtained 
by the U. S. Geological Survey.2 This strengthens the reliability of using this 
method. 


SYNTHETIC HYDROGRAPH 


For small drainage areas ranging up to a few square miles, a synthetic tri- 
angular shaped unit hydrograph can be satisfactorily employed in computing 
runoff hydrographs for larger storms. This hydrograph has its apex at the 
time of concentration, which is determined from nearby gaging station records 
or from the engineer’s experience and observations, and the base is equal to 
2.0 to 2.5 times this time of concentration. The volume under the hydrograph 
is of course 1.0 in. of runoff from the watershed. The peak discharge is twice 
the average discharge for the period of time representing the base of the tri- 
angle. Table 1 and Fig. 1 are examples of this method. Fig. 1 shows a com- 
puted runoff hydrographusing synthetic unit graphfor the March 13, 1947 storm. 
The drainage area was 6,700 acres. 


MAXIMUM DISCHARGE RATES 


All available stream flow data which are applicable for the area under study 
should be used to establish the relationship between drainage area and maxi- 
mum peak discharges. These data plotted on Log-Log co-ordinate paper will 
often permit a curve for maximum discharge rates that will serve as a guide 
as to the limit for which facilities should be designed in the majority of cases. 
The envelope curve on Fig. 2 embraces the maximum peak rates that have been 
observed in Louisiana. No attempt has been made to draw a curve representing 
the maximum rates to be expected. Extension of this curve for drainage areas 
beyond approximately 1,000 sq miles is not recommended without additional 
peak discharge data from major floods. Until additional flood information is 
Nbtained, the transposition of data from other areas is necessary. 


CONCENTRATION TIME 


- The determination of the time of concentration is due careful consideration 


t gery method employed. The writer has found that an error ranging up to about 


ee re 


2 * Floods in Louisiana, Magnitude, and Frequency,” U.S. Geol. Survey, in cooperation 
with Louisiana Dept. of Highways, Baton Rouge, La., 1952. 
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FIG, 1.—COMPUTED RUNOFF HYDROGRAPH USING SYNTHETIC UNIT GRAPH 
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FIG, 2,—-FLOOD DISCHARGES IN RELATION TO DRAINAGE AREA IN LOUISIANA 
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50% is relatively common iftoo much reliance is placed on computing this time 
period by dividing distances, scaled on a map, from the remotest limits of the 
watershed to the design point,by assumed velocities in the channels and over 
the land areas. The periods computed by this method are often applicable after 
improvements have been made to tributary channels and on the watershed. 
Available stage and stream flow hydrographs from gaging station records 
Should be plotted to determine periods of concentration for various watersheds 
in the general area of a study. In cases with several hydrographs from one 
watershed, different peak time periods will oftenoccur. This is due to the time 
and/or areal distribution of the rainfall provided no major changes have been 
made on the watershed. The rainfall records embracing the area should be 
Studied to determine this distribution. The hydrograph having the shortest peak 


TABLE 1.—COMPUTATION OF RUNOFF HYDROGRAPH BY USE OF 
SYNTHETIC TRIANGULAR UNITGRAPH 


Unit- Runoff, in inches 
graph 
(cfs) 0.50 0.10 1.50 1,20 0.20 


Time, 
in hours 


0 0 
uf 268 0 ; 270 
2 536 a 

3 
1555 
5 2310 
6 3105 
7 3445 
8 3665 
9 3855 
10 3675 
iW 3205 
12 2675 
13 2145 
14 1620 
15 1095 
16 745 
lye 450 
18 160 
20 

19 

20 

4 Fig, 1, ° Drainage area 6,700 acres. 


time when the entire watershed is contributing represents the most critical one 
for the area. Its use for computing a unit hydrograph or a distribution graph 
will result in the maximum peak discharge rates computed for larger rainfalls. 

In determining the runoff, from any givenstorm, the antecedent rainfall must 
of course be considered. At best, one can hope to arrive ata reasonably re- 
liable amount of runoff and the resultant hydrographfrom any given storm over 
the area. Although he may be in error by a sizable quantity for any specific 
storm, the probability of a storm occurring at any time that will produce this 
computed runoff should not be overlooked. For this reason, it is not advisable 

adhere too unyieldingly to a storm frequency criterian (one that is often ar- 
bitrary) inthe design of drainage, flood control, and other facilities. Computed 
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peak discharge rates should be compared with those obtained from the envelope 
curve such as is shown on Fig. 2. The design storm may be greater than any 
for which discharge measurements have been made and should result in com- 
puted peak rates that fall outside this curve. Remembering that 1 in. of runoff 
per acre per hour is practically 1 cfs, when these computed rates expressed 
as cfs per acre from the watershed approach or exceed the average maximum 
rainfall over the area, expressed in inches per hour for the period equal to the 
time of concentration, the computations should be reviewed very critically for 
errors in assumptions. Such phenomenon could only result from 100% runoff 
and this is unlikely. 


COMPUTING DISCHARGES OVER OBSTRUCTIONS 


In flooded areas, it is often necessary to compute discharge rates over ob- 
struction such as road embankments. If a weir formula, (Q = C L HQ) is used 
there is often considerable doubt as tothe proper C value to be used, expecially 
where submerged flow conditions have obtained. Where head and tailwater 
stages are ascertainable from gage records, highwater marks, or computed flow 
lines (water surface profiles), the writer often treats the stage differentia! 
across the embankment as the velocity head when the submergence is in excess 
of about 0.7. The areaused is the product of the submerged length and the aver- 
age depth of the tailwater above the crest of the embankment. As a check or 
the results by this method and in computing discharge where submergence is 
less than 0.7, the values of c andn by D. L. Yarnell and F. A. Nagler are used.¢ 


ESTIMATING LOW FLOW YIELDS 


It is oftennecessary to estimate the runoff from a watershed during periods 
of extreme low rainfall and there are few or no low flow measurements avail. 
able. The duration of the thought period may varyfrom a few months to severa 
years. 

The mostreliable means of estimating the yield is by comparison with near- 
by streams where records are available. This comparison is strengthene 
when a few discharge measurements are available on the problem stream. 

Low-flow yields cannot be correlated with rainfall in the same manner a: 
storm runoff. Low-flow is a relatively small part of residual runoff relatin 
to sub-surface characteristics. However, in the absence of other data, thi: 
method must be employed in some instances. 

Usually more informationis available onthe rainfall embracing an area thai 
on the runoff. In determining the probable runoff for prolonged drought periods 
the daily rainfall for the stations embracing the watershed should be tabulated 
Infiltration is estimated on the basis of the daily amounts and the time distri 
bution of the rainfall. Where data are available this method should be checke 
on comparable areas having discharge records available. The writer has foun 


3 “Flow of Flood Water over Railway and Highway Embankments,” by David L. Yar 
nell and Floyd A. Nagler, Public Roads, April, 1930, 
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this method to be more reliable than Simply using a percentage of the rainfall 
as the amount of runoff. 


DISCHARGE RATING CURVES 


It is recognized that the method of synthesizing rating curves by means of 
the slope conveyance method, as is employed by the U. S. Geological Survey, 
where time and funds permit is highly preferable. The approach described is 
to be used where time is too limited to obtain the necessary factors fora slope 
conveyance study. 

Quite frequently it is necessary to determine the stage-discharge relation- 
Ship at a point on a stream where no measurements have been made. In such 
cases, one approach is to obtain a field cross-section of the channel and the 
flood plain at the point in question, and with this information, together witha 
stage-velocity curve, the discharge for various stages is computed. This will 
require a stage-velocity relationship determined from a gaging station at near- 
by points on this stream or one having flow characteristics similar to the one 
in question. By plotting the stage above the bottom of the channel as the or- 
dinate, against the velocity as the abscissa, for several such channels, a 
good idea can often be obtained as tothe magnitude and slope of the line through 
these points. Where the channel and flood plain flows are funneled through 
bridges, the area and velocity through the bridges are used. As many points 
as desired on the stage-discharge curve are thendetermined by the product of 
the cross-section area at a given stage and the velocity at that stage from the 
stage-velocity curve. The velocity curve shownon Fig. 3for the Tickfaw River 
at Holden, is representative of many of the major streams in southeast Louisi- 
ana having similar characteristics at the main bridge sections. The drainage 
area for Fig. 3 was 242 sq miles. 

For stages above bank-full, the discharge rating curve will in most cases 
bend more rapidly to the right as the stage increases depending on the amount 
of ovexbank or flood plain flow. This flow should be computed separately from 
the channel flow and the two then added. The average slope of the flood plain 
can often be determined from topographic maps with a reasonable degree of 
accuracy. This slope and the average depthof flow, used as the hydraulic radi- 
us, together with the estimated roughness factor “n” will permit a computation 
of the velocity for various stages, provided there is no point of control such as 
road embankments, bridges, or constrictions, further downstream that will re- 
sult in backwater effect at the point in question. 

In cases where backwater effect occurs at the problem or design point, back- 
water computations for various discharge rates willbe necessary. The starting 
point for these computations will either be at any effective control point, just 
mentioned, or at Some other point where the stage-discharge relationship can 
be determined with reasonable accuracy from existing data. Where it is not 
feasible to establish reasonably reliable stages for starting these backwater 
computations, a starting point must be selected that is a sufficient distance 
downstream so that the effect of any reasonable error in the starting elevation 
will become negligible by the time the computations have progressed upstream 
to the point in question. The flatter the gradient downstream from this design 
point the further the starting point will befor the backwater computation in or- 
der to eliminate the effects of any error in the starting elevation. Where the 
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slope can be obtained from topographic maps and using an estimated rough: 
ness factor (n) for Manning’s formula, a reasonably reliable rating curve Cal 
be computed. Experience in making backwater computations is indispensabl 
to the individual in tempering his judgment as to how far downstream from ths 
design point to begin these backwater computations. 


STAGE-SLOPE DISCHARGE RELATIONSHIP 


In channels where backwater results from a source other than the strean 
on which computations are being made, there is no pattern of relationship be 
tween the stage and discharge. That is to say the stream will not “rate.” I 


! 
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FIG. 3.—STAGE VERSUS VELOCITY, AREA, AND DISCHARGE 


a 


such cases afew discharge measurements together with the stages at each e1 
of the channel reach inquestion canbe used to compute the discharges for othe 
combinations of stages without having the hydraulic elements of the chann 
wreach. Considerable time and expense are often necessary to obtain these da 
“from a field survey, especially on the larger streams. | 

}. Within certain undetermined limits, the discharge will vary as the squa: 
inf root of the slope of the hydraulic gradient. Or Q = K (S)4. The constant, | 
‘ embraces the mean cross-sectional area, the hydraulic radius, and the coe 
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ficient of roughness for the channel reach. The value of K will vary for dif- 
ferent stages. The length of the reach remaining constant, the difference in 
stages, H, at the two ends of the reach may be substituted for S in the formula. 
For each set of gage readings, when discharge measurements were made, the 
value of K is computed. Other discharge rates are then computed by varying 
the stages at each end of the project reach. The average stage for the reach 


Stage on Catahoula Lake, MSL 


Legend 
Measured discharge 
Computed (Q= KH 2) 
(Length of river=24 miles) 


26 28 30 32 34 36 38 40 
Stage at Jonesville, MSL 


FIG. 4.—STAGE-SLOPE DISCHARGE DIAGRAM 


and the value of K remain constant for all computations based on that one dis - 
charge measurement. By plotting these data on graph paper as shown in Fig. 
4 (for Little River, La.), lines of equal discharge are drawn. 


ae, 


CONC LUSIONS 


_ The most difficult task in the design of a drainage system is the determina- 


‘ion of peak discharge rates for design purposes. In many of the hydrologicy, 
, hydraulics computations the best that can be expected is to arrive at results 
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that can reasonably be expected to occur about as often and of the magnitude a: 
the computations indicate. For one thing the relationship between rainfall, a 
recordedon a daily basis, and peak discharge rates from small watersheds wil 
vary over aconsiderable range. In such cases there is no intelligible relation 
ship between the two insofar as can be ascertained from available data. Th 
probability of a storm at any time that is greatly in excess of the design storr 
must not be overlooked. 

The relationship between stages and discharges is subject to the influenc 
cf channel andflood plain changes suchas channel meandering, sloughing of th 
banks, siltation, fallen trees, etc., as time passes. 

In the majority of cases one can test computed results by applying coeffi 
cients and other constants used informulae thatare bothtoo smalland too large 
If the computed results with these extreme values straddle the results that hav 
been computed as “being correct,” then more reliance canbe placed on the com 
puted results for design purposes. 
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DEVELOPMENT OF A VARIABLE RELUCTANCE VELOCITY METER 


By lIury L. Maytin! 


SYNOPSIS 


Presented herein is a new method of measuring fluid flow based on the 
principle of variable reluctance. The device used by the author has been 
called a Variable Reluctance Velocity Meter. The basic theory of operation 
and the outstanding characteristics of this miniature instrument are discussed. 


INTRODUCTION 


The measurement of fluid velocities has always presented a challenge to 
he engineer. The following are some of the conditions that may affect the 
iccuracy of measurements: 


1. The limited range of a particular velocity meter. 

2. The difficulty of visual observation through a fluid due to turbidity and 
spurious light reflections caused by turbulence and wave action. 

3. Transported sediments that may clog tiny orifices. 

4. Non-linearity of flow patterns through different regions of depth. 

5. The human error associated with the use of apparatus requiring counting, 
iming, positioning, and interpretation or mathematical translation. 


The Variable Reluctance Velocity Meter (hereafter referred to as the 
RVM) was designed primarily as a miniature free-wheeling propeller meter 
Ossessing the following qualities: 


1. The ability to give reproduceable results with a degree of accuracy 
onsistent-with that required by a particular test. 


Note.—Discussion open until June 1, 1961. To extend the closing date one month, a 
mitten request must be filed with the Executive Secretary, ASCE. This paper is part 
f the copyrighted Journal of the Hydraulics Division, Proceedings of the American So- 
iety of Civil Engineers, Vol. 87, No. HY 1, January, 1961, 

1 Diy. of Industrial Research, Washington State Univ., Pullman, Washington. 
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2. A stable long-term operational characteristic. 

3. Independence from the physical properties of fluids. 

4. Physical dimensions suited to the requirements imposed by differen 
tests. 

5. Possession of a wide velocity range. 

6. Simplicity of operation and maintenance. 

". Provisions for the automatic recording of velocity data. 


DESCRIPTION 


The VRVM is basically a propeller-type meter pickup assembly incorpor- 
ating an electromagnetic circuit whose output is fed into an integrator. Fig. | 


End connector 


FIG, 1.—VRVM PICKUP UNIT 


ae a close-up of the pickup unit. The overall length of the prototype mod 
is 4 in. 

A propeller is mounted within a frame and is free to rotate. The frame 
joined to a mu-metal shell containing acoilof fine wire, a permanent magne 
and a steel pole piece. This pole piece is axially located along the longitudin 
plane of the coil andits upper endis magnetized by contact with the permane 
magnet, Fig. 2 is a schematic showing the VRVM pickup unit details. 
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FIG, 2.—VRVM DETAILS 
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_ FIG. 3.-CALIBRATION OF PICKUP OUTPUT VERSUS VELOCITY 
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A steel sprocket is attached to the propeller shaft in such a way as to be 
centered directly beneath the lower end of the pole piece without making con- 
tact to it. The path of the magnetic flux radiating from the pole reaches the 
steel sprocket through the intervening air gap. Rotation of the sprocket results 
in a change in air gap dimension. The gap and its reluctance to the magnetic 
flux are minimum when any one tooth is directly in line with the axis of the 
pole piece. The gap and reluctance are at a maximum when any two teeth are 
centered evenly below the pole piece. Reluctance of the magnetic circuit will 
cycle from maximum to minimum at a rate that is directly proportional to the 
speed of the propeller. The varying reluctance causes a voltage to be induced 
in the coil. This voltage is sinusoidal incharacter and of a frequency equal to 
the reluctance cycling. 


BASIC THEORY 


The operation of the VRVM is based entirely on electromagnetic induction. 
Faraday’s Equation states that the electromotive force (volts) induced ina 
coil of N turns is a function of the rate of flux change. This statement may 
be written as follows:2,3 


in which e = electromotive force, in volts; N = number of turns in the coil; 
6 = magnetic flux, in maxwells; and t = time, in seconds. 

The facility with which a material can transmit magnetic lines of force, 
relative to the ease with which these lines of force may be transmitted in a 
vacuum, is called its permeability, (u). The permeability for a vacuum or for 
air is unity. In most steels it willrange from 1,000 to 10,000. Some materials, 
such as permaloy, will have a permeability of 80,000 or more. 

The reluctance (R) of a magnetic circuit is analogous to the resistance of 
an electrical circuit, It is a function of both physical dimension and of perme- 
ability of the material supplying a path for the magnetic circuit, Then 


1 


in which 1 is the length of the material and A is its cross-sectional area. 
Because for all intent and purpose the reluctivity of air is unity, it is virtually 
impossible to have an open or discontinuous magnetic path. . 

The magnetic intensity (in oersteds) along the axis of the magnetic core i 
equal to the total magnetizing force, or 


in which H is the unit field strength. The magnetizing force is also equal to 
the product of the flux and the reluctance. This can be expressed as y 


SBR sh Siete cs «feed oo wha ae ee 


If F is constant in a given magnetic circuit, then any decrease in R must be 
accompanied by an equivalent increase in 8. Conversely, any increase in R 


‘ 2 fee Engineering,” by E, E, Kimberly, 3rd edition, International Textbook 
Co) 
3 ° 


“Modern College Physics,” by Harvey E. White, D, Van Nostrand Co., 1951, 
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must result in a proportional decrease in 6. A change in reluctance is also 
a function of a change in physical dimension, Thus 


A R= (G- 5 SES Paneer rae Be (5) 


Eq. 4 shows that any change in the reluctance of a magnetic circuit will be 
accompanied by an inverse and proportional change in the circuit’s magnetic 
flux if the total magnetizing force of this circuit remains constant. A change 
in linear dimension will cause this reluctance change (Eq. 5) and thus will 
Satisfy the conditions needed for the generation of a voltage (Eq. 1). 


APPLICATIONS 


1. The meter is suited for laboratory or for field work. Its small size 
makes the instrument adaptable to the study of shallow draft flow conditions. 

2. The meter is adaptable to automatic recording. This is an asset when- 
ever a long-term velocity study is required, asin the correlation of biological 
response (fish, snail, algae) to flow conditions. 

3. The meter’s operation is not dependent on the fluid’s electrical con- 
ductivity. It can be used with any gas or liquid. 

4. The meter can be equipped with a very lightweight propeller to respond 
quickly to changes in velocity. 

5. The response of the meter to fluctuating velocities can be minimized by 
the use of a heavy propeller possessing an inherent degree of self-integration. 

6. The meter can be used in conjunction with an electronic counter to 
record average velocities, 


The propeller used for the prototype design was 1.0 in. in diameter. A 
propeller of 0.25 in. in diameter and weighing 0.5 g was also tried. It proved 
extremely responsive to the most minute fluid velocity changes. 


ASSOCIATED ELECTRONIC EQUIPMENT 


The voltage generated by the meter is small (See Fig. 3) and has to be 
amplified before it is fed into a frequency meter of the type built by Hewlet- 
Packard, the HP 500 B. This commercial unit covers a frequency range of 3 
cycles per sec to 100,000 cycles per sec. Frequency is read directly ona 
large meter mounted on the front panel. The HP 500 B or any equivalent type 
of frequency meter comprises the integrating section of the complete meter 
set-up and translates the rotation of the propeller into meaningful data. 


CALIBRATION 


The VRVM was calibrated by towing it through a circular towing tank, The 
yickup was mounted on a boom whose speed was fully controlled (Fig. 4). A 
achometer was shaft-mounted to the electric drive motor to serve as a 
‘eference of boom speed, An accurate plot of boom peripheral speed versus 
achometer readings was made. The VRVM pickup was then installed at the 
ip of the boom and aligned tangentially to its direction of travel. The output 
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signal was fed to a preamplifier and then to a Hewlet-Packard model 500 B 


frequency meter. 

Figs. 5 and 6 show characteristics of the VRVM frequency response versus 
velocity in fresh water. Fig. 3 shows a plot of voltage output versus velocity 
for the pickup. 


CONCLUSIONS 


The propeller used with the VRVM was the determining factor in the estab- 
lishment of the minimum velocity recordable. Fig. 5 shows a value of 0.15 
fps as the lowest velocity at which the propeller registered a valid reading. 


CIROULAR 
TOWING 
TANK 


FIG. 4.—CALIBRATING APPARATUS 


Fig. 6 shows an upper velocity limit of 5.4 fps. This is not the true limit but 
an arbitrary one that was imposed by the physical limitations of the calibration 
apparatus. The propeller was capable of much higher speeds although a more 
powerful boom motor and a larger calibrating tank would have been needed 
to record the corresponding velocities with consistent accuracy. 

Random scattering of the points on the VRVM calibration curves discloses 
an overall accuracy of approximately 95% or better. The performance would 
most probably have been improved by more refined calibration equipment 
and techniques. 
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FIG, 5,—-METER CALIBRATION CURVE 
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Frequencies are read on the large panel meter of the HP 500 B. A fre- 
quency range switch offers 9 ranges covering a spectrum from 5 to 100,000 
cycles per sec, In actual operation, the minimum amount of conversion could 
be attained by replacing the frequency scales by velocity scales; this would 
enable the operator to get direct and continuous velocity indications. 

Coil output is in the order of 0.2 mv at a water velocity of 0.15 fps and 
requires a high-gain preamplifier to satisfy the input sensitivity of the HP 
500 B. It is desirable to design the coil for maximum output feasible within 
the physical dimensional limitations of the mu-metal shell. 

The VRVM pickup unit and its associated electronic equipment is well 
suited to the type of service requiring a small and lightweight outfit. For 
example, if the electronic section of the meter is transistorized, it could 
easily be packed to remote areas. The inclusionof a miniature transistorized 
tape recorder would enable quick and permanent storage of data from velocity 
studies of all sorts. This data could be analyzed and studied at leisure by 
merely playing the tape back to the frequency meter whose output signal feeds 
an Esterline-Angus I ma. recorder or any other suitable type of pen recorder. 
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HYDRAULICS OF SOUTHWEST PASS, MISSISSIPPI RIVER® 


By Chester A, Peyronnin, Jr} 


SYNOPSIS 


This papersummarizes and generalizes the results of an extensive data col- 
lection program at Southwest Passof the Mississippi River. Various theories 
of shoaling in highly stratified estuaries are examined and the salt water wedge 
theory selected as the most probable cause of heavy shoaling in this pass. 


INTRODUCTION 


Southwest Pass is one of the major distributaries of the Mississippi River 
into the Gulf of Mexico. Because it discharges a large volume of fresh water 
into a saline body, it provides an excellent example of a highly stratified es- 
tuary and demonstrates the influence of density difference upon siltation. Re- 
cently the pass was the subject of an extensive data collection program by the 
United States Army Engineer District, New Orleans, in order to verify a model 
of the pass. This model had been built to determine the optimum configuration 
of a deeper channel through the pass. The purpose of this paper is to general- 
ize the findings of that study as related to contemporary theories on.siltation 


Note.—Discussion open until June 1, 1961. To extend the closing date one month, a 
written request must be filed with the Executive Secretary, ASCE, This paper is part 
of the copyrighted Journal of the Hydraulics Division, Proceedings of the American So- 
riety of Civil Engineers, Vol. 87, No. HY 1, January, 1961. 

2 Presented at the August 1958 Hydrs. Conf. in Atlanta, Ga. 
7 1 Assoc. Prof, of Mech. Engrg., Tulane Univ., Hydr, Design Engr., U.S. Army Engr. 
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in such estuaries. The complete data collection program results have been 
published? in atwo-volume publication. A historicalaccount of the pass is also 
available.3 


GENERAL 


The Mississippi River drains approximately 1,245,000sq miles of the United 
States and Canada. It is navigable to ocean-going commerce to the port of 
Baton Rouge, Louisiana, 247 miles fromthe Gulf of Mexico viaSouthwest Pass, 
New Orleans, one of the major maritime ports is 114 miles from the gulf by 
the same route. The river does not receive any tributary flow below Baton 
Rouge and so is a closed channel from there to the distributary system near 


BAPTISTE _) 


A COLLETTE 


FIG, 1.—GENERAL MAP 


the mouth. Joining at the Head of Passes are the three major distributaries, 
Pass a Loutre, Southwest Pass, and South Pass, Upstream from this junction 
are several minor distributaries: Baptiste Collette Bayou, the Jump (Grand 
Pass), and Cubits Gap (Main Pass and Octave Pass) (Fig. 1). 

The river is building a natural deltaby advancing in extensions resembling, 
in plan, a bird’s foot andso named by geologists. These extensions are form- 
ing in relatively deep water and are depositing fine sand and silt over the pro 
delta muds off the coast. Because of the bars forming at the mouth of each 
pass, the natural depth of each is limited to approximately 9 ft. South Pass 


2 “Investigations and Data Collection for Model Study of Southwest Pass, Mississippi 
River,” U.S. Army Engr. Dist., New Orleans, La. 


3 “The Passes of the Mississippi River,” by W. C. Cobb, Transactions, ASCE, Vol. 
CT, 1953, p. 1147. 
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has been improved to a depth of 30 ft by the construction of jetties and South- 
west Pass has likewise been developed to 35 ft with a proposed depth of 42 ft. 
Extensive maintenance dredging is required to keep these passes open but a 
new configuration of the 42-ft channel will minimize this dredging. 


FRESH WATER FLOW 


Below New Orleans the Mississippi River has a capacity of approximately 
1,250,000 cfs at project design flood conditions. Of this, approximately 40%or 
500,000 cfs maybe expected to pass out through Southwest Pass. At low-water 
conditions, the flow past New Orleans will be approximately 100,000 cfs, but 
has been as low as 50,000 cfs in an extreme case. At the normal low flow in 
the river, the tide in the gulf will materially affect the flow out of the pass and 
may cause a variation of several hundred percent within a tidal cycle. One 
measurement taken at lowflow in the program, indicated a flow variationfrom 
42,400 cfs to 128,000 cfs in the pass during a tidal cycle. 

At high river flows, there will be less of an effect due to the tide, but it is 
always present to some extent. Flows out of the passes are generally related 
to the stage of the Mississippi River at Carrollton, La. (New Orleans). Be- 
cause of the difficulty incorrelating stage and flow quantity dueto the tide and 
river variation, it is customary to refer to flows as being low, intermediate, 
or high depending upon the physical effects. At low flows, less than 2 ft on the 
Carrollton gage, there is a pronounced intrusion of salt water into the river. 
At high flows, above 12 ft, the bed material will begin to move and the sedi- 
ment transport in the river will rise significantly. Flood stage is 17 ft on this 
gage. At intermediate flows, there are no adverse hydraulic activities, 

The fresh water flows into the gulf in the form of a hypopycnal jet, with 
lighter water flowing over denser saline water at all stages of the river. This 
delineation between fresh water jet and the saline gulf water is clearly visible 
from the air and extends several miles into the gulf before the natural diffusion 
process diffuses the stream with the salt water. The expanse and extent of 
this jet varies with flow rate as indicated by Fig. 2. Fresh water salinity, ex- 
pressed as chlorinity, is less than 50 ppm chloride ion. 


GULF OF MEXICO FLOW 


The Gulf of Mexico is a salt body that has a parent salinity, expressed as a 
chlorinity, of approximately 18,000 ppm chloride ion, The complete littoral 
flow in the gulf has not been adequately determined, but in the area adjacent to 
Southwest Pass may be generalized as westerly. The current is almost due 
west past South Pass. It is deflected southwesterly by Southwest Pass and then 
reverts to a westerly direction once clear of the river influence. Currents 
flowing upriver under the outflowing fresh water form a highly stratified wedge 
(Fig. 3). There is occasionally a counterclockwise flow just at the tip of the 
east jetty. 

‘The tide at the mouthof the passis diurnal and has a range of approximately 
1.1 ft, but is affected by the wind to a great extent. The tide rises at approxi- 
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mately the same time on both sides of the pass and, therefore, there is no head 
differential transverse to the pass. 


SALT WATER WEDGE 


The saline water flowing under thefresh water is commonly referred to as 
a salt water wedge and the interface between it and the fresh water is defined 
as 5,000 ppm chloride ion. This definition is adequate for most purposes, but 
it is sometimes desirable to choose a higher value for study purposes. This 
line of demarcation does not always define the line of zero velocity, but gen- 
erally flows at greater depths will be upstream and flows at lesser depth will 
be downstream, Strong density currents exist at the vicinity of the tip of this 
wedge and there are diffusion currents all along the interface. 

At low water conditions in the river, this wedge will proceed upstream, 
reaching just above the latitude of New Orleans, as indicated in Fig. 4. At high 
stages this wedge is pushed back into the pass proper (Fig. 5, for 10,000 ppm 
Cl“) and will reach the mouthof the pass at approximately a 12-ft stage. There 
is evidence to indicate that this wedge advances slowly for falling river stages, 
but retreats quickly for rising stages. During a tidal cycle the tip will adjust 
its position back and forth slightly so that it is never quite stagnant even for 
steady stages. During a tidal cycle there will be a variationof salt water flow 
upand fresh water flow down the river and a variationof the depthof the wedge 
interface and line of zero velocity. 

Typical values of flow, depth of wedge and flow reversal line, and stage are 
shown for alow-flow condition in Fig.6. At low flows, the water surface slope 
will actually reverse as the tide is rising as may be noted by comparing the 
stage at the East Jetty Stationand the stage at mile 8.5, which is approximately 
11.5 miles upstream. This reverse slope does not occur at medium and high 
flows. As a result of the tide, there will be adecrease in downstream flow and 
an increase in the upstream flow. This in turn raises the wedge and line of 
velocity reversal. 

Fig. 7 illustrates a section across the mouth at mile 20 showing the isovels 
of upstream and downstream flow during one day. The transverse slope of the 

‘flow reversal and wedge interface does not always conform to the same slope 
and will slope in the opposite direction at other times. 


SEDIMENT 


Sediment particle sizes inthe pass are rather small. In the data coilection 
program, the maximum sample size found in the bed material was 1 mm (0 phi 
units) with 0.5 mm (1 phi unit) being the more general maximum size. Median 
sizes of bed material approximated 0.025 mm (5.22 phi units). Material car- 
ried in suspension was much finer with the maximum size being in the order 
of 0.1 mm (3.33 phi units). At low-water conditions, the bulk of the material 
in transport is carried in suspension, At high stages, approximately 12 ft on 
the Carrollton gage, the bed load will begin to move and will provide the greater 


percentage of material in transport. 
SHOAL FORMATIONS 


4 The shoaling problem in the pass is a very complex one. Shoaling is due 
to the unbalance of depositional and transport forces and these forces are con- 
timually in the transient state in this pass. In order to study the problem, it is 
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necessary to identify the major shoals and relate them to the hydraulic phe- 
nomena in process as they occur. The only methodof locating shoals is by hy- 
drographic surveys but this does not always provide acomplete picture because 
some shoaling may possibly be obscured by rapid changes in river conditions, 
dredging activities, or incomplete records. 

Fig. 8 shows the net advance of the 35-ft contour off the Southwest Pass. 
The bar channel, as indicated, has been utilized since 1921 when it was changed 
from a direct prolongation of the pass to amore easterly alignment. The pre- 
dominant shoaling problem is that which occurs at high water stages. At these 
stages, large shoals will beginat the mouth of the jetty, close across the mouth 
and then progress upstream. Minor shoaling is apparent in the shallow area 
to the west of the channel andapproximately 5,000 ftor approximately 3 mouth 
widths out from the mouth along the channel in a lunate bar formation. 

At low water stages, the shoals form at the ends of the jetty and gradually 
extend inward to fill the channel, At medium stages there is a similar shoal 
formation at the mouth plus additional shoals 3,000 ft to 5,000 ft out into the 
sulf. These low and medium shoals areof minor importancefrom an economic 
maintenance standpoint. 


THEORIES OF SHOALING 


The most widely accepted theory onshoaling is that explained by E, A. Shultz 
und H. B. Simmons and concerns? the actionof the salt water wedge as a bar- 
tier to bed load material. Basically this theory states that bed load material 
vill deposit out when it reaches the tipof the wedge because the horizontal ve- 
Ocity will be essentially zero at this point and the viscous drag will cease moving 
he bed material. Lighter material will of course continue in suspension and 
€ transported over the wedge and out to the gulf. 

This theory seems to be well founded and the results of this investigation 
rogram illustrate this effect. Fig, 9 shows the gradation of material above 
ind below the wedge for various stages. There is no heavy material so the 
malysis must be based on a percent composition basis, At the 11.5-ft stage, 
he wedge is positioned at approximately mile 18.5. Below the wedge the ma- 
erial is of a coarser percent gradation with median sizeof 4 phi units. Above 
he wedge there was a median size of only 6 phi units. At a 12-ft stage the 
vedge was at mile 17.5 and the material had a median size of 4 phi units be- 
ow the 3 units above and further upstream. This indicated a larger percent- 
ge of heavier material adjacent to the wedge tip activity than upstream from 
t. At the low stage of 3.4 ft there was no difference in gradation at the wedge 
ip because of the fact that there is no bed movement and so there could be no 
ignificant change. The median sizes of 8.3 phi units above and below the tip 
indicate this. ; 

It must be emphasized that the tip location was varying with tide in the gulf 
nd river stage and was moving during the time required to take the samples 
bove and below the area. Other plots of similar data indicate results similar 
) this example. Undoubtedly material carried over the wedge settles out and 


I ne ow SPR nt et A el i he ee 
i iltation in Estuaries,” 
4 “Fresh Water-Salt Water Desnity Currents, A Major Cause of Siltation in 

;E, A, Shultz and H. B. Simmons, Tech. Bulletin 2, Beach Erosion Bd., April, 1952, 
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is transported back to the tip area by the upstream saline currents. This the 
ory therefore adequately accounts for the heavy shoal formation at high stages 

Another theory for delta formation is given by C. C. Bates and J. C. Free 
man, Jr. and is based5 upon the emerging, less dense, hypopycnal jet droppin 
its load approximately 4 to 5 mouth widths out as it fans out over the dense 
saline waters. This would account for the formation of the lunate bar and un 
doubtedly explains a certain amount of shoaling. It does not account for th 
major deposits that occur within the channel and so, while a valid theory, ap 
plies mainly to material insuspension from natural streams and is not of prim 
importance in this dredged channel, 

Another common theory that must be considered is that the shoaling i 
caused by the transition of the pass from a meandering stream with nature 
curves to a controlled, essentially straight section. This means that the be 
changes from a bed with deep sections at the outer bend and shallow section 
at the inner bend to that of a flatchannel. The higher velocities in the bed curv 
tend to scour the bottom material, and the lower velocities, when the wate 
reaches the flatter portion, cause deposition. There is a slight evidence of thi 
type of action several miles up the pass where this bottom transition take 
place, but this theory does not explain the heavy shoals at the mouth where th 
transition does not occur. This theory must therefore be dismissed as bein 
relatively unimportant. 

In any stream problem there must always be a discussion of the effect « 
the Coriolis acceleration theory. Actually this theory deals more with whet 
the material is deposited rather than whether it is deposited or not. This the 
ory states that because of the rotation of the earth, the acceleration of a boc 
on it is with respect to a rotating axis and there is an additional acceleratin 
force imposed upon it. In this northern hemisphere, this means that more mz 
terial should be deposited on the west bank than on the east and that the del 
should build more on that side. Historically this is true, but the effect of th 
acceleration is very small and is overshadowed by littoral forces that wou 
cause the same effect, An examination of the complete distributary system 
the Mississippi River reveals more evidence of deposition by the littoral e 
fect and bifurcation due to sedimentation effect than due to this accelerati 
force. The Coriolis effect should theoretically deflect the effluent stream 
the west with aradius of approximately 10 miles. Actually, the turning is mu 
more rapid because of the momentum interchange between the stream and t 
gulf currents, which indicates the superiority of the littoral forces. 

The minor shoals occurring at the eastern side of the pass can best be e 
plained by the circulation phenomena which is of minor importance but whi 
has not been considered. As the emerging jet leaves the mouth of the rive 
it is unconfined and will widen and decelerate. Because it is directed tot 
southwest, there is an attempted separation from the east jetty and a count 
clockwise recirculation of currents back to this jetty. Sediment is therefo 
carried back where it drops into the saline underflow and is deposited at 1 
end of the jetty. Examination of surface littoral currents indicates this 1 


5 “Inter-Relations between Jet Behavior and Hydraulic Processes at Deltaic Ri 
aoa ae Tidal Inlets,” by C. C. Bates and J. C. Freeman, Jr., Coastal Engineeri 
ol, 3, 1952. 
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rvature and circulation about a point east of the east jetty. This is of minor 
portance but accounts for the minor shoals, 


_— CONCLUSIONS 


From the study of this pass, it is apparent that the salt water wedge theory 
the most plausible explanation for the majority of the shoaling. Other the- 
have not been disproven by this study, but their contributions are shown 
of a minor nature. 
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DESIGN METHODS FOR FLOW IN ROUGH CONDUITS2@ 


Closure by Henry M. Morris 


HENRY M. MORRIS,?® F, ASCE.—The writer is grateful to Messrs. Engel, 
\ckers, Bilonok, and Roberson for their thoughtful and helpful discussions of 
he paper. He is pleased that the concept of turbulence regimes as related to 
oundary roughness, suggested inthis andan earlier paper, 2 is viewed favor- 
bly by each of the discussers. In the absence of comprehensive test results 
or specific verification purposes, their hesistance in accepting the particular 
quations and design curves for the respective flow regimes is understandable. 

Before attempting to defend these equations, the writer wishes to affirm his 
igh regard for the brilliant work of Colebrook and White4 nearly 25 years ago. 
n pointing out inadequacies of the design procedure based on their studies, no 
riticism was intended of the individuals, or of their work as such. The same 
tatement applies tothe writer’s comments onthe equations of Manning, Hazen- 
Villiams, and others. All of these have been, and are being, used successfully 
1 design practice. The engineer should be familiar with the sphere of appli- 
ability of each of them. Because each is essentially an empirical formula, it 
1ay be legitimately applied for design purposes within the range of data for 
hich it was derived. 

In effect, use of an empirical formula inthis manner is tantamount to design 
y actual test and is, therefore, highly accurate. But when the basic design 
ata are uncertain, or when they are such as to require extrapolation, then use 
f such an empirical method becomes dangerous, unless applied judiciously by 

competent designer. 

This limitation is true of the Colebrook formula as well as the others, even 
1ough its range of applicability may be considerably greater. The most seri- 
us danger in its use is the widespread tendency to equate the equivalent sand 
iameter to the roughness height. This error is observed fairly frequently in 
ydraulic literature and is probably even more common in design practice. 

As an illustration of the seriousness of a mistake of this type, one might 
msider the problem of estimating a friction factor for a 3-ft diam corrugated 
etal pipe, at a Reynolds Number of 500,000. If the roughness height of 2 in, 
assumed to be the equivalent sand roughness for use in the Colebrook for- 
ula, the latter will yield a friction factor of about 0.042. If the hyper -turbu- 
nce concept, with the corresponding curves, is used, the correct friction fac- 
r of about 0.070 is obtained. At fully normal turbulent flow, the friction fac- 
r for this pipe size approaches 0.090, more than double the value estimated 
om the Colebrook function using the corrugation height. 


a July, 1959, by Henry M. Morris. 

26 prof. and Head, Dept. of Civ. Engrg., Virginia Poly. Inst., Blacksburg, Va. 

12 «Flow in Rough Conduits,” by Henry M, Morris, Transactions, ASCE, Vol. 120, 

55, pp. 373-410, 

: “Experiments with Fluid Friction in Roughened Pipes,” by C. F. Colebrook and C, 
ite, Proceedings, Royal Soc. of London, Vol. 161, 1937, p. 367, 
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Mr. Roberson has criticized the writer’s exposition of the theory of hyper- 
turbulent flow, one of the main aspects of whichis that it approaches fully nor- 
mal turbulent flow at sufficiently high Reynolds Numbers, regardless of the 
wall roughness type. At this final condition, the spacing of the roughness ele- 
ments becomes the sole variable determining the friction factor. The impli- 
cation, questioned by Mr. Roberson, is that the wakes behind the elements are 
then geometrically similar for all'types of elements. 

The attainment of full geometric similarity of wakes may be uncertain inthe 
absence of specific measurements, but a general approach toward similarity, 
whether caused by adjustment of separation points or by some other phenome- 
non, seems certain to take place asthe inertial aspects of the flow increase and 
the wall zone of hyper-turbulence is compressed. 

Even if the separation zones do not become fully similar, the “hyper-turbu- 
lence” generated in the wakes is gradually broken up into “normal turbulence” 
as the vortices are propelled away fromthe wall. At sufficiently high Reynolds 
Numbers, the thickness of the zone of hyper-turbulence approaches zero. Nor- 
mal turbulence (with its implied statistically normal distribution of turbulence 
parameters) then prevails throughout the flow, with all “hyper-turbulent” vor- 
ticity distintegrating into “normal” vorticity immediately after generation. 

Mr. Ackers and Mr. Bilonok understandably desire that the equations and 
curves proposed in this paper and the previous paper should be verified by 
more experimental data before adoption in design practice. The writer, in 
1950, made such studies on all pertinent data that were then available, conclud- 
ing that the equations were quite adequately substantiated. Publication of the 
analyses of these data, in either of the papers, was precluded by space limita- 
tions, but they are available27 for any who wish to review them. 

The writer is at present (1960) engaged in a similar study of other exper- 
imental data that have been obtained since that time. Although these analyses 
are not yet completed, preliminary results indicate that they likewise can be 
adequately referenced within the framework of the proposed concepts and for- 
mulas. A systematic experimental study devoted specifically tothe elucidatior 
of these questions is, of course, still needed, but the evidence already at hanc 
indicates the proposed method to be more nearly rationaland more widely ap- 
plicable then any previously used. 

Mr. Ackers questioned the writer’s interpretation of the St. Anthony Fall: 
tests on concrete culvert pipes® and the tests of Burke on large penstocks8 as 
confirming the equation of semi-smooth turbulent flow. It appears, however 
that he has misunderstood the implications of this equation. Contrary to th 
Colebrook-White function, the semi-smooth flow equation implies that the fric: 
tion factor decreases indefinitely with increasing Reynolds Number (a fac 
strikingly confirmed by Burke’s results) and depends otherwise only on rough: 
ness element form and dimensions, not on pipe radius (a fact supported by th 
concrete culvert pipe tests that were made on very smooth pipes, with the joint: 
providing the “isolated-roughness” elements). 

Mr. Engelasks further elucidation of the relation between the Prandtl equa 
tion and the writer’s suggested equation for normal turbulent flow. The equa 


27 «4 New Concept of Flow in Rough Conduits,” by Henry M, Morris, thesis presentel 
to the University of Minnesota, Mimeapolis, Minnesota, 1950, in partial fulfilment of th 
requirements for the degree of Doctor of Philosophy. 

5 «Hydraulic Tests on Concrete Culvert Pipes,” by L.G, Straub and Henry M. Morris 
St. ebony Falls Hydr, Lab., Univ. of Minnesota, Minneapolis, Minn., 1950. 


8 “High-Velocity Tests in a Penstock,” by Maxwell F, Burke, Transactions, ASCE 
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tions are essentially the same except that the latter replaces the sand-grain 
diameter by the roughness Spacing. The two dimensions are presumably the 
same for pipes densely coated with sand grains, so that the two equations are 
equivalent for this type of rough boundary. 

For other types of roughness, producing hyper-turbulent and normal turbu- 
lent flow, however, the writer’s contention is that the roughness spacing (rather 
than the roughness height) is the correct dimension to use. This permits the 
Same equation to be used for sand-coated boundaries, for corrugated metal 
boundaries, and for other types of roughness yielding the “wake-interference” 
boundary phenomena. 

The roughness height has, therefore, no direct effect onthe turbulence struc- 
ture when the condition of statistically normal turbulence is attained. The value 
of Reynolds Number at which this condition is reached, however, with the flow 
changing from “hyper-turbulent” to “normal turbulent,” does depend on the 
geometric form of the boundary roughness elements. 

The roughness height also has an indirect effect, in that it determines the 
effective diameter of the flow. For this type of flow, the regions between rough- 
ness elements are largely occupied by wakes, with the actual flow occurring 
above them. Computations of friction factor, therefore, should be based on the 
crest-to-crest diameter. If laboratory measurements are used to compute 
Tiction factor data and this is not done, the computed friction factors will be 
eo high, in proportion to the fifth power of the diameter. That is, 


fo = fy (5) “TAT A ee ere (19) 


n which f¢ isthe friction factor as computed on the basis of the crest-to-crest 
liameter Dc, and fy is that computed from the wall-to-wall diameter Dy. 
This error is small in pipes of small relative roughness, but may be quite 


arge if the relative roughness =; in Engel’s notation islarge. If the friction 


actors of the Mobius curves are recomputed on this basis, it will be seen that 
he apparent influence of relative roughness, stressed by Mr. Engel as in con- 
lict withthe writer’s equation, very largely vanishes. This is shown in Fig. 11. 

The four Mébius curves, shown by heavy lines in Engel’s Fig. A, are here 
own as dashed lines. The two solid-line curves represent the topmost and 
owermost of these curves recomputed on the basis of the crest-to-crest di- 
meter (the two intermediate curves are not shown because of the excessive 
rowding that would be necessary). 

Therefore, instead of refuting the implications of the writer’s equations, the 
[6bius data appear to provide excellent further confirmation of them. It ap- 
ears, too, that Mr. Engel was mistaken in identifying the flows represented 
y these curves as hyper-turbulent. They are more properly identified as 
emi-smooth turbulent flows, as indicated by the fact that the friction factor 


’ A, ; q 
ecreases with increasing values of z (or nm the writer’s notation ). 


‘This may also be shown by use of the writer’s “boundary function” curves, 
. his Fig. 10. Mr. Engel perhaps misunderstood these curves and used the 
all-to-wall radius instead of the crest-to-crest radius. If the latter is used, 
ida drag coefficient for the circumferential rings of 1.9 is assumed, the crit- 


al value of ® is found to be 4, when = is 0.22 (that is = = 0.28) and 10 when 
is 0.03 e = 031). If these two values (for the highest and lowest values of 
To 
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Mobius’ relative roughness) are averaged, one can say that for this type of 
roughness, the critical spacing discriminating between hyper-turbulent and 
semi-smooth flow is approximately 7e. 

At this critical spacing, the writer’s equations show that the friction factor 
has its maximum value for the giventype of roughness element. This inference 
is satisfactorily confirmed by Mr. Engel’s discussion of the data of Mobius, 
Nunner, and Koch, that similarly showed the critical spacing to be at about Te 
or 8e. 

In light of the preceding analysis, Mr. Engel’s Table I, comparing Mobius’ 
friction factors withvalues computed from the writer’s equation of normal tur- 
bulence, is seen to be irrelevant. The flows were not characterized by normal 
turbulence, or even by hyper-turbulence, but were rather semi-smooth turbu- 
lent flows. 


——w— Mobius curves 


Mobius curves recomputed on basis of 
crest-to-crest radius (only highest 
and lowest curves are shown) 


Value of f 
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FIG, 11.—f VERSUS L/e 


It is impossible to compute values for exact comparison because the value 
of Reynolds Number for the Mébius curves was not given by Mr. Engel. How: 
ever, it will be noted from Fig. 11 that the range of friction factors, when com: 
puted on the basis of crest-to-crest diameter, was only from about 0.04 to 0.18 
even for the pipe of largest relative roughness. The element characteristic I 


h j s 
: CA , for use in the semi-smooth equation, is in this case 1.9 (1) t 
Assuming a Reynolds Number of about 100,000, and an = value of 100, si 
that E = 0.019, the writer’s Fig. 5 then indicates a friction factor of 0.04, tha 
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is exactly the same value indicated in Fig. 11 from the Mébius curves. Simi- 
larly, at = = 20 and a Reynolds Number of 109,000, the semi-smooth equation 


gives f = 0.13 and the Mébius data give f between 0.08 and 0.12. More exact 
correspondence would be obtained at a Reynolds Number of 300,000. 

It is, therefore, concluded that the Mébius data provide both qualitative and 
quantitative confirmation of the writer’s equations. Because the Nunner and 
Koch tests were in line with those of Mdbius, it is clear that they also would 
verify these concepts. 


Mr. Engel is correct in suggesting that, for large values of ex, 


13 
e 
a would have to be correspondingly small (such that ae 1) in order to prevent 


the value of 


the hyper-turbulent flow from becoming quasi-smooth flow, that is, for the ex- 
r 
ee 
is to prevail (assuming the roughness elements to be of infinitesimal width). 
This is, of course, quite feasible; the Moody curves have, for example, usually 
been plotted for a range of relative roughnesses extending to much lower values 
than this. 

The curves representing hyper-turbulent flow were not extended to values 


treme case when 5000, = should be less than apo if hyper-turbulent flow 


r 
of = <1, however, because usually semi-smooth flow will prevail under these 


conditions. This is evident from the trends indicated on the discrimination 
function curves of Fig. 10. 

The writer does not as yet see any need to specify a maximum value of e/r 
for which the functions are applicable, other than those already implied by the 
limiting conditions for the various flow regimes. The demarcation noted by 
Mr. Engel between the two types of resistance characteristics at about L/e = 
8 is not related to any limiting e/r but, as discussed previously, represents 
the critical spacing distinguishing hyper-turbulent from semi-smooth flow, for 
the given roughness elements. 

By the same token, it is unrealistic to suggest two different flow mechanisms 
for small and large orifice area ratios, respectively. In both cases, the basic 
phenomenon is one of flow separation, wake formation, generation of vorticity 
at the interface, and shedding of that vorticity fromthe wake into the main flow. 

In conclusion, the writer would reiterate his appreciation to the discussers 
for their stimulating contributions to this paper. He heartily agrees with them 
that these are complex phenomena, well deserving of more intensive and sys- 
tematic study than has yet been devoted to them. It is hoped that these new 
concepts will contribute materially to a more rational understanding of them, 
as well as to more effective design practices. The encouraging qualitative and 
quantitative confirmations indirectly brought out by the discussions should be 
of significant help in creating confidence in the concepts and in the functions 


embodying them. 
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ROLL WAVES AND SLUG FLOWS IN INCLINED OPEN CHANNELS2 


Closure by Paul G. Mayer 


PAUL G. MAYER, #3 M. ASCE.—Considerable interest inthe author’s study 
was reflected by the elaborate reviews and discussions. The discussers pre- 
sented veritable studies of their own and their writings merit recognition as 
valuable contributions to the engineering annals. 

Whatever differences of opinion were brought out had their origin either in 
the respective approach to the study of roll waves and slug flows or were a 
consequence of results obtained in the laboratory. Careful experimentation 
does not forstallresults that are much dependent upon scale effects and limita- 
tions of equipment and techniques. 

The study reported by the author was intended much more to elucidate the 
basic phenomena involved in unsteady open channel flows thanto arrive at for- 
mulas immediately applicable to hydraulic engineering problems. The size of 
waves studies was, indeed, diminutive when compared to some waves encoun- 
tered in steep open channels. They were, however, not of purely academic di- 
mensions, but represent, at once, fluid mechanics problems encountered in 
sheet flows such as rain waves on inclined streets, condensate flows, paint ap- 
plications, and many others. 

Mr. F.-Escoffier rightly pointed to his own mathematical analysis of waves 
of instability and presenteda rigorous mathematical treatment. His reference 
to proto-type waves was interesting and made clear that actualwave magnitudes 
can be considerably in excess of those observable in the laboratory channel. 

Messrs. Taylor and Kennedy similarly point to proto-type waves and ques- 
tion the author’s conclusion as tothe origin of roll waves and slug flows. Also, 
there is no question of the veracity of the original author’s observations, it is 
indeed agreed that unsteady flows of the type discussed occured in flows defi- 
1itely not laminar. Cornish’s observations and Jeffrey’s study illustrate this 
0int. 

The writers questioned also the use of the Airy equation. Since the initial 
listurbances are indeed quite small they satisfy the restrictions imposed on 
he wave equation by shallow water. The application of this equation was not 
mplied to the terminal or fully developed roll waves and slug flows. Their 
Iq. (ii) for waves of finite magnitude may well be a suitable approximation for 
he propagation speed of roll waves and slug flows. 

The writers are correct in stating that the relationship between Froude 
Number, Reynolds Number, and slope of Eq. 19 and shown in Fig. 18 represent 
lots analogous to pipe friction factor diagrams. It was thought desirable, how- 
ver, torefrain from emphasing this obvious relationshipand thus let the study 
ecome a mere testing program. 

[SSRI 2 EN Da Eh a ace 
a Jul G. Mayer. 
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The writers also analyzed the author’s data in terms of Binnie’s study. 
Their conclusions proved interesting. The footnote in respect to chronological 
precedence was appreciated but it is hoped that progress does not depend first 
upon proper accreditation. 

Messrs. Ishihara, Iwagaki, and Iwasa have presented information pertaining 
to their own laboratory experiments and subsequent analysis. Their publica- 
tions in English were known to the author and had been consulted. Their nu- 
merous Japanese writings in this field, however, were beyond the linguistic 
skills of the author. 

Their commentaries on the author’s study were neatly summarized in 1€ 
items. Inthe subsequent remarks the pertinent items are invoked, accordingly, 

Item 1, whatever merit their comments may have in regard to some wave 
phenomena in hydraulic engineering, the influence of surface tension on the for- 
mation of roll waves was real and significant in the author’s laboratory study 
As proof, the addition of a surface active agent and hence the reduction of sur- 
face tension prevented wave formation under conditions normally leading to rol 
waves. 

Item 2 appears more of a problem in semantics. Unsteady flows could b 
obtained in the region in question if the flow was externally disturbed. Tran. 
sitional problems are generally known to depend, to a large degree, on externa 
influences. 

Roll waves and slug flows, as described by the author, were distinctly dif 
ferent phenomena. The designations may seem somewhat misleading becaus 
of prior usage. Very little gain is envisioned in the suggestion of an all des 
criptive designation and by putting them back into one basket. 

Item 5 and 7 could be referred toItem 1. The author fails to appreciate th 
writers interpretation of his conclusions. It appears that a modified Darcy 
Weisbach relationship would suit their ends andno heed needed to be paid to fre 
surface phenomena. In replying to Messrs. Taylor and Kennedy, the autho 
has already stated his sentiments. 

Items 9 and 10 are related to Item 3. Referring to the equations, criteria 
and data mentioned the writers overlooked the fact that in the author’s labora 
tory experiments supercritical laminar flow was existent. 

The previous commentators and the author are agreed that wave phenomen 
in hydraulic engineering may differ in magnitude, mode of origin, and othe 
ramifications. From the foregoing discussions pertaining tothe author’s stud 
one may conclude that considerable effort has been exerted in order to elucidat 
the phenomena of fluid flow in open channels. The exchange of scientific dat 
and findings across international boundaries and over language barriers can k 
considered a significant aspect of this paper. 
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CONSISTENCY IN UNITGRAPHS@ 


Closure by Bertram S. Barnes 


BERTRAM S. BARNES, ! F. ASCE.—The writer is indebted to Mr. Clark not 
mly for his excellent comments but equally for his support of the writer’s basic 
irgument: the need for more systematic study of the behavior of runoff from 
latural basins. Some questions have been raised and a few points of disagree- 
nent are noted. The writer, because of his absence from the country at the 
ime, unfortunately could not provide certain specific informationthat Mr. Clark 
vished to have before preparing his discussion. 

The stage-discharge relation at Rangamati is well defined by a large num- 
er of current-meter measurements. Hourly readings of the gage were made 
luring daylight hours. These readings clearly define the minor tidal effect at 
ow water, which in any case becomes negligible when 24 hr is usedas the time 
mit for discharge. Levels that were run to observed flood marks along the 
nain river show that the slopes of the high-water profiles are about the same 
nthe lower reach, from Barkal down to the Rangamati gage as in the reach 
bove Barkal to the headwaters. It seems likely that the odd manner in which 
ertain major tributaries enter the main stem from the right and the left, in 
airs, is the cause of the characteristic double peak of the unitgraph. Here a 
uestion is inorder: How uncommon, actually, are multiple-peaked unitgraphs ? 
yy using a precise method of derivation, might we not find them much more 
ften ? 

A matter of greater interest to the writer is the range of the elapsed time 
etween the two peaks of the unitgraph; from about 26 hr for an excess of 3.4 
1. in three days to roughly 100 hr for an excess of 17.2 in. in four days. Be- 
ause in a larger flood, both peaks are retarded as well as spread apart, the 
fect can hardly be explained by Seddon’s law.2 It seems more likely that it 
2sults from pondage other thanthat inthe main channel. The flood wave inthe 
ain stem may actually reverse the direction of flow in the lesser tributaries 
) asto impounda fairly large part of its volume in eachravine that it crosses, 
us both retarding and lengthening the wave. Mr. Clark has suggested that the 
arnafuli may not betrulya unitgraphstream. Certainly it is not atypical one. 
owever, its discharge hydrographs can be reconstructed from a unitgraph if 
variable lag directly related to the total flood volume is applied to adjust the 
itgraph. The question then arises: Is the variable lag peculiar to the Karna- 
li or is it merely more prominent in that basin? .. 

It is a fairly common practice to steepen a unitgraph arbitrarily when it is 

be applied to a rainfall sequence of great intensity. The theory is that more 
tense rains are likely to generate a higher percentage of overland flow and 
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therefore should produce steeper unitgraphs. The peak of the unitgraphis often 
raised 20% to 25% as a margin of safety, which in effect shortens the lag. In 
the Karnafuli, however, the lag increases in the greater floods. Both peaks of 
the unitgraph are lowered and the elapsed time between them is greatly in- 
creased. 

The apparent close relationship between the unitgraph lag and the total flooc 
volume merits further study, especially to determine whether a similar effect 
(or an opposite one) can be detected in other basins. For this purpose, unit- 
graphs must be derived, not from observed physical features of the basin no1 
from estimates of rainfall and retention, but uniquely from the streamflow hy- 
drographs themselves. Unitgraphs that do not fit the record with unmistakable 
precision are hardly consistent enough to define small variations in their lag 
This statement in noway overlooks the obvious merit of those procedures, sucl 
as Mr. Clark’s, that do not require the complete analysis of an actual flooc 
hydrograph and can be used in the derivation of design floods for poorly gagec 
or ungaged basins. 

Mr. Clark is quite correct in saying that the rainfall was not uniform ove: 
Karnafuli Basin during the four-day rain of July-August, 1947. Nevertheles: 
it probably maintained the semblance of a standard pattern. During the rain 
season, masses of air with a consistently high dewpoint are propelled by th 
monsoon across the series of high transverse ridges that characterizes th 
basin. In the mountain zones of California a rather similar situation occur, 
during the winter months, and heavy rains there are distributed in a charac 
teristic orographic pattern. It is logical, then, to expect that Karnafuli Basi 
also has its own rainfall pattern, and the highly satisfactory definition of th 
unitgraphs derived by the writer lends support tothat belief. Of the eight flood 
selected for analysis, two showed almost perfect agreement of their unitgraph 
from the forward and reversed runs. Four others were regarded as “excel 
lent” or “good” and the remaining two, although the agreement of their run 
was only “fair,” were yet consistent enough to prove the correctness of thei 
rainfall sequences beyond any doubt. All eight would have given excellent re 
productions of the hydrographs from which they were derived, but because ¢ 
the large variations in their lag, they could not be applied to other floods with 
out adjustment. 

The writer seriously doubts “time of concentration,” as ordinarily define 
and applied, is the most satisfactory basis for relating basin characteristic 
tounitgraph lag-time. The concept seems to have originated with the “ Ration: 
Method” for the design of storm sewers, in which the idealized contributir 
basin was considered tobe acircle or circular segment having a uniform slo] 
along the radii toward a catchbasin at the center. It was assumed that tl 
greatest concentration of flows at the outlet would occur as soon as the per 
meter began to contribute water tothe outflow. When applied toa natural basi 
the time of concentration is the estimated lengthof time required for adrop 
water to travel from the tip of the most remote panhandle to the point of ou 
flow. Obviously, the physical significance of the term has been lost in its tran 
lation from a city sewer system to a river basin. The writer is convinced th 
much better parameters could be developed for estimating the lag if there we: 
available a large stock of unitgraphs of which the lag, by the definition of Ho: 
ner and Flynt, could be determined precisely. 

Mr. Clark’s comment that the development of a unitgraph from a compou 
event is “a mathematically indeterminate procedure in principle, capable 


; 
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indicating obvious errors” is perfectly true of the older procedures of this 
type. Inthe present case the statement must be challenged, because the writer’s 
method is designed to define the unitgraph uniquely and to prove the accuracy 
of the rainfallsequence. The basic principle is the solution of two sets of nor- 
mal equations, with the numbers representing the excess rainfall sequence be- 
ing treated as trial constants. In the forward run there are as many equations 
aS unknowns and the same istrue of the reversedrun. These two sets of equa- 
tions must be solved independently. To combine them would establish the trial 
rainfall sequence as a part of the basic data. The unitgraph then would not be 
uniquely defined and the reliability of the trial sequence would remain in doubt. 

Each pair of runs, then, has only two possible results; either the two de- 
rived unitgraphs will differ or they will agree. In the latter case, the ratio of 
the rainfall numbers will have been proved correct. With that sequence no 
other unitgraph can be derived, and only that sequence or a multiple of it can 
bring the two runs into coincidence. Variations of the rainfall pattern and er- 
rors inthe discharge recordand inthe separation of the base of flow, of course, 
will always prevent a perfect agreement of the two runs, and the correct unit- 
raph will lie between the two. However, any actual bias from this source will 
9€ negligible or nearly so, unless the mutual fit of the two runs in extremely 
900r. No false semblance of accuracy will have been created. 

The oscillation described by Mr. Clark is an outstanding defect of the earlier 
xrocedures, in which the swings were reduced in amplitude by makeshift ad- 
ustments, most of which introduced error into the results. In the writer’s 
rocedure the oscillating run is superseded, but never adjusted. As the cor- 
“ect sequence is approached, the oscillations disappear automatically and no 
srror from that source can affect the results. Because the amplitude of swing 
Ss related to the amount of error in the trial sequence, the oscillation itself 
1elps to point the way to the correct solution. A good example is seen in the 
irst four frames of Fig. 3. 

Mr. Clark calls attention to the difficulty of obtaining from protracted com- 
ound events, unitgraphs for unusually short unit durations. It is difficult, by 
ny procedure, to handle trial rainfall sequences of more than four or five 
erms. However, a unitgraph first derived with a four-term sequence can be 
reated, in turn, as a compound event and another unitgraph derived from it. 
tis necessary to complete the outline of the first unitgraph by sketching, in 
rder to obtain the necessary intermediate points from the second breakdown. 
fter the resulting, or second, unitgraph is derived it should be checked and 
efined by applying its rainfall sequence directly tothe original net flood event. 
nother method isto apply the first unitgraph, withall but one term of its rain- 
ill sequence, to reconstruct the major part of the original net event. The re- 
lainder of the event can then be used to derived a unitgraph for a fractional 
uration. A third method, simpler but possibly less accurate, is to reduce the 
irst unitgraph tothe dimensionless form described by the writer, and then re- 
onvert it to dimensioned form for the shorter duration. The well-known “S- 
urve hydrograph”3 also is often used for that purpose, but the results are 
kely to be inaccurate because of the severe oscillation that occurs with that 
1ethod. 

The writer has never found any merit in the distribution graph, except pos- 
ibly for the computation of lag. The distribution graph is not dimensionless 
<cept with respect to its runoff. Because it has a fixed lag in hours it cannot 
—————EE————————————E——— ara San Pana | a nan. Saal 
3 “Channel Storage and Unit Hydrograph Studies,” by W. B. Langbein, Transactions, 
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be used to adjust a unitgraph to another river point or toa longer or shorte 
unit duration. Its basic principle, of course, is employed in the first step o 
the conversion of a unitgraph to dimensionless form. 

Mr. Clark points out the significance of the recession factor with respec 
to one of the two storage-discharge functions used in routing his instantaneou 
unitgraph. Actually, Table 1 shows this relationship, since the storage facto: 
is identical with his recession-period storage function. The writer, however 
prefers to use individual factors for the recessions of ground-water flow, in 
terflow and overland flow, respectively. Mr. Clark treats the storage facto 
as a measure of the valley-storage characteristics of the stream, by which th 
instantaneous unitgraph is converted into a unitgraph of outflow. In that wa 
he has deriveda unitgraph for Karnafuli River that would have given a reason 
ably good reproduction of at least three of the observed floods, having runof 
volumes in a range from about 8 to 11 in. of excess rain. However, the lag c 
the writer’s unitgraphs for Karnafuli River varies from 45 hr for a flood run 
off of 3-1/2 in. to 105 hr for a runoff of 17 in., there being no apparent chang 
in the recession factor for interflow and none, therefore, in the recession-pe 
riod storage-discharge function. This phenomenon seems as hard to explai 
in the simple terms of open-channel storage as the large difference, found i 
nearly all streams, between the recession factors for interflow and for over 
land flow. 

Previous tothe Karnafuli study, the writer no doubt would have agreed wit 
Mr. Clark that unitgraphs should be derived from multiple-unit events only a 
“a necessary expedient.” However, nearly all unitgraphs are derived for th 
express purpose of synthesizing multiple-unit events. If observed unit event 
had been available for the Karnafuli study and no analysis of compound event 
had been made, the results obtained would almost certainly have been misleac 
ing. The writer now believes that multiple-unit events should be selected 2 
source data for the derivation of unitgraphs, in preference to unit events or 1 
addition to them, simply as a matter of sound practice. 


a) a a eT eee aod 


i 1 129 


SPILLWAY DESIGN FOR PACIFIC NORTHWEST PROJECTS? 


Closure by Marvin J. Webster 


MARVIN J. WEBSTER, | F. ASCE.—The author is greatful to Messrs. Michel 
nd Gagnon for contributing to the discussion of this important subject. The 
nformation they have added relative to Mr. Lemoine’s work is appreciated. 

The cavitation factor referred to by the writers and proposed by Mr. Le- 
10ine should prove to be very useful; not only in spillway design but also in 
ne design of any water passage where danger of cavitation occurs. The present 
olicy of the United States Army, Corps of Engineers in the design of hydraulic 
tructures is to limit negative pressures to -20 ft of water. This would give a 
avitation factor considerably lower than the value 0.38 obtained by the writers 
rom the results of model studies on Chief Joseph spillway. 

More data and observations are needed, especially on prototype structures, 
) determine the limit of negative pressures that will not produce damage from 
avitation. It is hoped that piezometers can be installed in several new proto- 
ype structures sothat data canbe obtainedand observations made to add tothe 
sry little information available at the present time. 

It is interesting to note that extensive model studies were made on ogee type 
jillways during the design2 of Banas Dam, Dantiwada Project, Bombay State, 
dia. Pressures slightly below atmospheric were observed on the crest dur- 
g model studies with maximum head simulated. 


@ August, 1959, by Marvin J, Webster. 
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FLOOD CONTROL ASPECTS OF CAUCA VALLEY DEVELOPMENT? 
Closure by Phillip Z. Kirpich and Carlos S. Ospina 


PHILLIP Z. KIRPICH, ! F. ASCE, and CARLOS S. OSPINA,2 F. ASCE. —Sefior 
Julio Escobar- Fernandez has providedan excellent summary of the principles 
necessary to ensure success of regional development programs. These are 
days of intense competition between the two great powers for the loyalty and 
support of the peoples of the underdeveloped nations. The recognition and un- 
derstanding of these principles by engineers andothers engaged in the planning 
of development programs is therefore a matter of primary national concern. 

As the first program of its type in Colombia, the Cauca Valley development 
is now receiving close attention on the part of the National Government and of 
international lending agencies. In particular, the Planning Unit of the Central 
Government, mentioned by Sefior Escobar-Fernandez, is giving great emphasis 
(0 the program with the aim of setting it up as a model for similar regional 
programs elsewhere in Colombia. 

A year and a half has passed since the original paper was written. It is of 
interest to report that the flood-control and drainage works completed thus 
‘ar,at the Aguablanca and Roldanillo-La Union-Toro pilot projects, have dem- 
mstrated their value and this is overcoming landowner skepticism and oppo- 
sition. The traditional attitude among farmers has been one of suspicion to- 
wards the costly engineering planning required. Now, slowly, this is changing 
oward a recognition of the necessity of engineering investigations. This is 
nost gratifying to the engineers who have spent several years on this work, 

Of the various hydrologic problems treated in the original paper, Mr. Gor- 
jon R. Williams has discussed the spillway design flood for the Timba project. 
[wo key features are: value of 5-day precipitation and relation between 5-day 
wrecipitation and peak. With respect to the former, Mr. Williams questions 
he writers’ method of determing the maximum probable precipitation, by ex- 
rapolation of an 18-yr rainfall record up to a frequency of 1000 yr. The writ- 
rs believe Mr. Williams has a valid point. Actually, they followed this pro- 
edure because of lack of data and because no means were available to obtain 
lata from other, similar climatic regions. Fortunately, however, there is time 
0 attempt to improve the procedure. CVC’s first major hydroelectric project, 
Yalima, is now entering the construction stage. Timba is not programmed to 
tart before 1964. Before design of the Timba spillway is finalized, additional 
nd further data on the relation between peak daily discharge and 5-day pre- 
ipitation will be obtained. Some additional data on rainfall has already been 
btained. This data, plotted in Fig. 11,is from study of allavailable daily rain- 
all records for southwestern Colombia. The longest record, at Bogota, is for 
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74 years. The maximum 5-day precipitation, as a percentage of the mean an- 
nual, is 16%. It seems probable that the flood finally adopted for design of the 
Timba spillway will have a smaller peak but a greater volume. The net effec 
on structural dimensions will of course have to be reinvestigated. 
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FIG, 11,—FIVE-DAY PRECIPITATION 


FRICTION FACTORS IN CORRUGATED METAL PIPE2 


Closure By M. J. Webster and L. R. Metcalf 


M. J. WEBSTER,! F. ASCE, AND L. R, METCLAF,2 F. ASCE.—Mr. Diskin 
has introduced values of equivalent pipe roughness computed from maximum 
values of the friction coefficient shown on Fig. 17 of the writers’ original 
saper. The writers had computed values of the equivalent roughness (e) for 
all of the data taken with full-pipe flowin the 3-,5-, and 7-ft-diam corrugated 
metal pipes, but did not include these values in the original paper. Values 
were found to range from 0,128 to 0.188 for the 3-ft pipe, 0.166 to 0.199 for 
he 5-ft pipe, and 0.155 to 0.189 for the 7-ft pipe. Values of « were found to 
rary both with the Reynolds number, Rg, and with pipe diameter, thus indi- 
vating that the corrugated metal pipe type of roughness is not completely 
lescribed by height alone. 

The data on standard and helical corrugated pipe that were presented by 
Mr. Chamberlain are a welcome addition to the original paper. It is of particu- 
ar interest to note that the data for 12-in.-diam standard corrugated pipe 
onfirms the extrapolation of curves showing the values of “f” and “n” on the 
vriter’s Fig. 17. 

Mr. Bilonok refers to Manning’s “n” asa coefficient of absolute roughness. 
‘0 avoid confusion with other measures of roughness, the writers prefer to 
hink of “n” as a roughness coefficient. Mr. Bilonok states that values of 
f” computed from his Eq. 6 are in agreement with those obtained by the 
yriters, This agreement is not surprising as he has merely reversed the 
omputation made by the writers. The writers first computed “f” and then 
Sed those values to compute “n”. Mr. Bilonok has taken the values of “n” 
nd computed “f” using the same relationships as used by the writers in their 
omputations. 

Mr. Bilonok states that “The exact form and position of “f” versus 
eynold’s number for a given pipe diameter and roughness is not clear (Fig. 
1)....” He evidentally is speaking of values outside the range of Reynold’s 
umbers tested, as the form and position of “f” within the range of Reynold’s 
umbers shown on Fig. 11 seem clear enough. He also says that the writer’s 
ables A and B indicate that the Reynold’s number varies as velocity of flow 
nly and that the water temperature changes have no significance. Actually, 
ll values of Reynold’s number were computed using the proper value of 
nematic viscosity for the water temperature observed. The significance of 
perature is minor only because of the relatively narrow range of temper- 
‘ure observed. 
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Mr, Ree has presented a method of computing composite Manning’s “n” 
values for paved-invert corrugated metal pipe which should prove very 
useful where the percentage of paving is other than that for which data are 
available. - 4 

The writers wish to thank all of the discussers for their comments and 
for the additional data which have been contributed. It is hoped that the tests 
on which the writer’s paper were based may be extended by someone to cover 
a wider range of Reynold’s number. 
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REVISED COMPUTATION OF A VELOCITY HEAD 
WEIGHTED VALUE4 


Closure by Joe M, Lara and Kenneth B. Schroeder 


JOE M. LARA,! mM. ASCE, AND KENNETH B. SCHROEDER,?2 M. ASCE,— 
Messrs. Aldridge, Benson, and Peterson all comment on the matter of facili- 
tating the computation of the alpha coefficient. The writers offer no objection 
to such a procedure. It is pointed out, however, in Table 1 of Mr. Benson’s 
discussion the sum (374.3) of Column 8 probably should have been shown as a 
Separate entry to complete the data necessary for the alpha computation. 

Although it was not the authors’ intention of presenting anything in the way 
of a “new” or “revised” formula as apparently interpreted by Mr. Anand, his 
prooi that the old and the new formulas are essentially the same is of mathe- 
matical interest. He also misunderstood that another objective of the paper 
was to illustrate the entire cycle of computations required for a slope-area 
determination of the discharge and not just to show only an aiphg computation, 
Mr. Anand’s idea of applying the value of K equal to 1.486 ar 3 to hydraulic 
computations is excellent although it is the authors’ express hope that he 
yields to the use of Ky for some of the slope-area computations particularly 
for cases as used in the example. In this example only the water surface 
elevations at the cross sections were observedandit was necessary to assign 
an “n” value to arrive at the estimated discharge. The use of Mr. Anand’s K 
value is ideal if several discharges are to be determined. 

Messrs. Benson and Peterson introduced the formula for a direct solution 
of the discharge by using the same basic data as observed for the example. 
such a formula does eliminate the need ofa trial and error computation which 
ieretofore had been used by the writers. An error was committed in the 
alysis of Bernoulli’s Theorem regarding eddy losses ina contracting reach. 
[The correct formula for friction head is 


h,=£+1.10 (ho -h 
ui v9 


“he writers gratefully acknowledge both Mr. Bitoun and Mr. Peterson for 

ointing this out. 
The writers agree with Mr. Kolupaila that determining the Coriolis coeffi- 

ient is a nebulous affair. Although the 1.19 value of alpha appears low as 

ompared to those quoted in Mr. Chow’s book, it is still a common approach 
t 
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to arrive at the value by this means. The coefficients quoted in Mr. Chow’s 
book range from 1.50 to 2.00 for overflooded channels. However, it is the 
opinion of the writers that the supporting data used in the analysis to arrive 
at these values were insufficient as a check of Mr. Kolupaila’s original work 
in this field? showed the hydraulic information was available for only one river. 
Mr. Kolupaila recommends the procedure of taking more point velocities along 
each vertical to make a more realistic determination of the Coriolis co- 
efficient. This procedure is fine, but the data gathered for many of the slope- 
area computations do not include such observations generally because the 
hydrographer was not present during the occurrence of the peak flow. 

The writers thank Mr. Kolupaila for calling attention to the typographic 
omission noted under 10, page 72, AQiscorrect instead of Q appearing in the 
numerator. 

Mr. Steinberg’s two methods of determining the velocity head were also 
interesting. It is noted, however, that in Column 5 of Table 1, the value for 
Q 8.03 should be 1,348 instead of 134.8. Mr. Steinberg may also find that the 
more simplified formula presented by Messrs. Benson and Peterson is better 
suited to slope-area computations. 
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EDDY DIFFUSION IN. HOMOGENEOUS TURBULENCE®2 


Closure by G. T. Orlob 


Ge Tk: ORLOB, 50 M. ASCE.—The discussions have each added significantly 
to a clearer understanding of eddy diffusion through application of techniques 
of fundamental fluid dynamics, by more illuminating mathematical treatments 
of the basic relationships, and through the presentation of additional physical 
evidence in support of the experimental results. 

Mr. Hino, using the assumptions traditionally applied in analysis of shear 
flows, has correctly concluded that the “constant” indicated in Eq. 21 is not 
a universal number but rather, a function of the roughness of the bottom. He 
Suggests, rather conservatively, that this effect, indicated in Eq. 30, is not 
great but will become evident when wider ranges of bottom roughness are in- 
vestigated. While the present experiments did not encompass a wide range of 
absolute bottom roughnesses, it is nevertheless possible todemonstrate from 
the experimental data the significance of friction characteristics of the bottom. 

Recognizing that 


U f 
Se VE es ic icicwrey ico och on ONO 78 56 
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in which f is the Darch-Weisbach friction factor, and substituting in Eq. 30 
there results 


D, = Constant [64 (1 - 1 Jt) peas es Rieseitod WE) 


or 
3 
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in which K = 0.4. 

- Because the values of f were determined for each experimental run in 
which D,, Lg, and E were also evaluated it is possible to test the significance 
of ¢ (f) in Eq. 57b. Fig. 19 presents the results of thirty-three separate runs 
plotted in the fashion of Fig. 11 without regard to variations in the friction 
factor. It can be seen that for the larger values of EL/3 Lat 3, there is fairly 
good agreement with Eq. 21, but for the lower values there is a significant 
and consistent departure. However, when the effect of bottom friction, ¢ (f), 
_ 4 September, 1959, by G. T. Orlob, 


i 50 Assoc. Prof., Civ, Engrg., Univ, of Calif., Berkeley, Calif. 


ae 


138 January, 1961 HY # 


is introduced for the same thirty-three observations, as in Fig. 20, reason- 
ably consistent agreement is obtained throughout the full range of data. This 
tends to give general support to the basic assumptions of Mr. Hino’s analysis. 

The reason for the proportionately greater correction in the lower range 
of values is apparent upon consideration of variations in f and Dz with Reynolds 
Number (R). In the experiemnts reported f was generally dependent on R 
ranging from as high as 0.3 atR = 2000 to as low as 0.09 for R greater than 
about 35,000. At the higher Reynolds Numbers, the friction factor was appar- 
ently independent of R, the flow being identified as “wholly rough.” As might 
be expected, the coefficient of eddy diffusion also was greatly dependent on 
R, the lowest values of D, occurring at low turbulence scales and low Reynolds 
Numbers, 

In the wholly rough range f can be considered dependent on relative rough- 
ness of the boundary alone, as indicated in the adaptation of the Nikuradse 
pipe flow equation to open channel flow, 


ele 43 
pt 114 + 2 log = PUTER ABT § ood pee (58) 


in which e is an equivalent uniform sand grain roughness. In the present ex- 
periments application of Eq. 58 to observations made at Reynolds Numbers 
greater than 35,000 indicates that e was about 0.089 ft for the 1/2-in. mesh 
and about 0.110 ft for the 1-in, and 1 1/2-in. meshes, Relative roughnesses, 
e/y, for these observations ranged from about 0.34 to 0.43, the higher values 
resulting from runs on the coarser meshes, 

The effect of amuch wider range of relative roughness on the eddy diffusion 
coefficient can be shownby the transforming Eq. 57b with the aid of Eq. 58 into 


1/3, 4/3 


z, = Constant 65) E L 


which applies only in the “wholly rough” region at high Reynolds Numbers. 
Taking the constant of Eq. 57 as 0.085 there results, for various values of the 
parameter, e/y, the series of curves which are shown superimposed on Fig. 
19. The line representing Eq. 23 in the figure has a position that corresponds 
to arelative roughness of 0.345, about the average of the ten observations 
that were made at Reynolds Numbers greater than 35,000. 

The influence of the frictional characteristics of a smooth channel bottom 
on eddy diffusion can be examined with the aid of Eq. 59 and a knowledge of 
the frictional resistance of the surface. The channel bottom of the present 
experiments was found to have an equivalent uniform sand grain roughness of 
about 0.0004. For a maximum practical depth of flow in the experimental 
channel of 0.25 ft the relative roughness would be approximately 0.0016. 
From Eq. 59 it will be noted that the change in relative roughness from 0.345 
(Eq. 23) to 0.0016 for constant E and Lg reduces D, in the ratio of about 
5-to-1. 

Mr. Ichiye contends that the validity of Eq. 7 has been well established, 
apparently basing this conclusion on the fact that independent sets of field ob- 
servations could be fitted with a single line on a logarithmic plot extended to 
cover eight orders of magnitude in eddy diffusivity. Unfortunately, at certain 
scales the eddy diffusivity values determined by Olsonand Ichiye (7) as shown 
in Mr. Gunnerson’s Fig. G-4, vary in the ratio of nearly 6-tol or 7-to-1. While 
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there is strong support in these observations, as there is in Fig. 8, for variation 
of D, with the 4/3 power of the scalethere is considerable doubt that they sub- 
stantiate the universality of Eq. 7. Failure to appraise the effect of the rate 
of energy dissipation, which both Mr. Hino and Mr. Ichiye have correctly in- 
cluded in their developments of the basic eddy diffusion relations, unques- 
tionably produced some of the apparent scatter in field observations even 
though consistent scale parameters were adopted. There is every reason to 
suspect that in an oceanic environment, where transient winds and complex 
currents combine in the development of turbulence, that the rate of energy 
dissipation can vary greatly, both spatially and temporally. The magnitude 
and range of E in the open ocean cannot be determined from information pre- 
sently (1960) available on wind-induced turbulence and wave characteristics. 
Perhaps continuing research in oceanography will soon provide the necessary 
data that will permit evaluation of its effect on large scale oceanic eddy 
diffusion, 

It is not suggested, as Mr. Ichiye implies, that the turbulence regime 
studied was isotropic, only that it was statistically homogeneous in two di- 
mensions. Such statistical homogeneity does not require that the coefficient 
of eddy diffusion or the scale of turbulence be the same in the direction of 
flow as transverse to the flow. In fact, cursory experimentation with dye 
droplets applied to the flow in a manner similar to thatof Elder, ° indicated 
a possibility that longitudinal diffusion was somewhat greater than transverse 
diffusion. In order to determine more accurately the ratio between these two 
quantities for the two dimensional turbulence studied, a photographic techni- 
que was employed to position floating particles in both x and z directions. 

Particles were released at a fixed point on the turbulent stream through a 
hole in a slowly revolving (1 rpm) disk, which subsequently actuated a single 
flash stroboscopic light. The positions of fifty particles in each dispersion 
pattern were thus recorded on sheets of film by the open flash method and 
were accurately located by projecting the various negatives on a screen at 
an enlarged scale. By varying the interval between release and flash the 
shape of the dispersion pattern was followed over a distance of 1-to-15 ft 
from the source. Statistical analysis of particle positions with respect to the 
centroid of the particle group showed that the distributions were of typical 
Gaussian form in both transverse and longitudinal directions. Calibration of 
the timing mechanism indicated that statistical variations inthe interval could 
be kept within + 0.1% for 95% of the observations, and thus would not be ex- 
pected to significantly affect the particle distributions. : 

The results of a series of observations made at Reynolds Numbers of 
18,000 to 19,000 are shown in Figs. 21 and 22, where the familiar relation- 
ships between o and x for dispersion in the transitional range is evident for 
both transverse and longitudinal dispersion. Comparison of the two curves 
in Fig. 21 for large values of x indicates that the ratio, Cx/0z, , tended to 
approach about 1.58 and that the longitudinal eddy diffusion coefficient was 
about 2.50 times as large as the transverse eddy diffusion coefficient. Fig. 22 
illustrates the changes in shape in the dispersion pattern, defined by multiples 
of ox, andoz, as a function of time (or distance) from the source. 

It is not possible to make a valid comparison between the experimental 
results obtained by Elder and the author simply because of differences in 


51 “The Dispersion of Marked Fluid in Turbulent Shear Flow,” by J, W. Elder, Jour- 
nal of Fluid Mechanics, Vol. 5, No, 4, 1959, pp. 544-560, 
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technique and lack of comparable data. In the present studies dispersion was 
examined only at the surface of the stream and the particles were not carried 
below the surface as was the dye mixture that Elder employed. 

Elder separated the longitudinal dispersion curves, obtained from photo- 
graphs of dye patterns, into two components, one which he attributed to turbu- 
lent mixing and the other to diffusion into and out of the laminar sublayer. 
It is implicit in the method of separation that the turbulent component repre- 
sents the combined effects of diffusion at all levels in the flow outside of the 
sublayer, irrespective of the variation in eddfy diffusion with position in the 
flow. Kalinske and Pien®2 have shown that the coefficient of eddy diffusion 
does in fact, vary widely with the depth of flow in an open channel. Such 
variations in eddy diffusion together with changes in advection velocity with 
depth could well account for much of the difference between longitudinal and 
lateral dispersion that Elder observed when simply viewing the entire pheno- 
menon from one vantage point, directly overhead. 

The results obtained by such a method cannot be used to debate the ques- 
tion of the isotropy of turbulence either proor con. Even if the regime studied 
had been isotropic in planes parallel to the boundary, a similar conclusion as 
to the ratio of the lateral diffusion coefficient to the “apparent” longitudinal 
coefficient would have been reached. For these same reasons it is not ap- 
propriate to compare the longitudinal and lateral eddy diffusion coefficients 
for pipe flow unless observations are confined to a very limited region along 
the centerline. For obvious practical reasons observations in this region are 
likely to be very difficult if not impossible to obtain with sufficient accuracy 
to demonstrate the isotropy of turbulence. 

Mr. Ichiye has confirmed that the statistical theories of turbulence can be 
used to describe the form of the o -x curve (or theo -t curve) close to the 
origin, or at relatively large distances from the origin, but that between the 
two extremes the curve can be described only by knowing the functional or ex- 
perimental form of R¢ . In fact, to obtain a solution near the origin it is alsc 
necessary to assume the functional form of R¢ , as may be seen in Eq. ff) 
which was, in fact, prescribed originally by Taylor®3 as a series, the higher 
order terms of which have been neglected to secure the parabolic form adopt- 
ed in the writer’s derivation. Sucha simplification leads to the conclusion that 
close to apoint source inaturbulent stream with a mean velocity U, oz is pro- 
portional tox or t, This conclusion cannot be justified by argument based on the 
physical nature of the diffusion process, nor is it supported by experiment 01 
field observation as can be seen from Fig. 5 and the data presented by Mr 
Gunnerson. The basic concept of a “Four-thirds Law”, which all parties to thi: 
discussion appear to agree on, is in contradiction to this conclusion, 

The reason for selection of the functional form of R¢ , so well documentex 
by previous experiment, was precisely to overcome the failure of the writer’: 
Eqs. (e) and (i) to define the shape of the 0, -x curve unless R ¢ was known 
In the laboratory itis virtually impossible to generate turbulence at sufficient 
ly large scales for practical study of diffusion in Batchelor’s “equilibriun 
range.” Moreover, practical limitations in the size of channels or water tunnel 
preclude the possibility of developing the oz -x curve to the point where o 
becomes proportional to x*/“, (Dz («) = constant) except at very low Reynold 

52 “Eddy Diffusion,” by A, A. Kalinske and C. L. Pien, Ind, Engrg. Chem.,, Vol. 3 
No, 8, 1944, pp. 220-222, F 


53 “Diffusion by Continuous Movements,” by G.I. Taylor, Proceedings, London Mat 
Soc., Vol, 20, August, 1921, pp, 196-211, . 
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Numbers. It will be noted, however, that the method employed in the experi- 
ments overcomes these limitations toa certain degree and permits description 
of the turbulence phenomena without working to either extreme of theo, -x 
curve, 

In the open ocean, on the other hand, most investigators have been concerned 
with diffusion relatively near the source, where neither Eq. 16 or Eq. i de- 
scribes the phenomenon. Most observations have beendirected to proving that 
the width of dispersion patternfroma source increases as the four-thirds pow- 
er of its width, as suggested by Mr. Gunnerson’s Eq. G-5. 

Consideration of the limitations of boundaries onthe scale of turbulence and 
on the exchange of momentum suggests that there is a limit to the scale of 
urbulence, which cannot be shown by Eq. G-5, and that there must also be a 
Transitional region between the regions of expanding scale and fixed scale, 
Mr. Gunnerson’s observation that the field from the existing outfall widened to 
me mile in 4 hr, but after 24 hr had attained a width of only 2 miles tends to 
-onfirm this concept. If, for example, it may be assumed that eddy diffusivity 
WaS constant when a width of one mile was attained and that the initial boil 
vidth was attained 0.1 hr after sewage discharge at the bottom, then the field 
width should have enlarged to 2.43 miles. Onthe other hand, if the 4/3 law had 
een continuously applicable over the entire period, the field should have 
‘eached a width of 14.7 miles (Eq. 11 for n = 3). 

It is apparent that the limiting eddy diffusivity was actually less than that 
ndicated by a one-mile scale. Mr. Gunnerson’s notation that diffusion “is to 
he seaward side only” is further indication of boundary limitations on dif- 
usion. It is probable that in this instance the dispersion pattern was very 
nuch like that shown in Fig. 13 and 22, the “4/3 Law” applying only close to 
he source, while at distances greater than one mile the pattern was of para- 
Olic form with k = constant. 

The writer would like totake exceptionto Mr. Ichiye’s citation of unpublish- 
d material,8 particularly when an impression is given that this work is a 
rimary authority. The writer can only properly direct his attention to mate- 
ial published in an available medium at the time of the discussion, because 
thers can neither be defended nor criticized. 

It is not often that a paper brings together such a complementary combina- 
ion of experimental, theoretical, and practical experience as has been pre- 
ented here. The author is grateful for constructive criticism offered by the 
riters and is encouraged that future research will shed more light on some 
f the challenging problems posed. 
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HYDRAULIC DESIGN OF SLUTTED SPILLWAY BUCKETS2 


Closure By G. L. Beichley and A. J. Peterka 


G. L. BEICHLEY,1 M. ASCE, AND A. J. PETERKA,2 F, ASCE,—The 
writers welcomed the discussions submitted by Messrs. McPherson and 
s3rodbeck because their questions and reactions are probably typical of those 
yho will use the material in the paper. Mr. McPherson’s detailed comparison 
f the performance characteristics of the slotted-type and solid-type roller 
uckets is a valuable contribution for his analysis will aid design engineers 
aced with the decision of which bucket type to use. Mr. Brodbeck’s discus- 
ion of bucket performance versus operating conditions emphasizes the fact 
mat the final bucket design should be thoroughly investigated and analyzed in 
1e light of every condition that may prevail during normal and emergency 
pillway operation. 

In Mr. McPherson’s comparison of solid bucket and slotted bucket per- 
I2rmance, he has emphasized points which are in full agreement with the 
riters. For example, he shows that the slotted bucket is particularly suited 
or lower ranges of tail-water depths within the tail-water limits and that for 
given height of dam, the need for slots, which produce a quiet water surface 
nd a less violent ground roller, becomes lessas the tail-water elevation ap- 
roaches head-water elevation. Therefore, the slotted bucket is particularly 
uited for medium-and high-head installations.Mr. McPherson raises several 
iestions regarding statements made,testing techniques employed, and methods 
| presenting and interpreting the data. The remainder of this closure is de- 
ted to explaining, justifying, or modifying the areas of the paper in question, 

The testing flume, as stated in the paper, has a motor-driven tailgate 
2ared to raise or lower the tail water at will. Although “sweepout” tests 
ere made with falling tail-water and “diving flow” tests were made with a 
sing tail water, the action in both cases was inspected for both rising and 
lling tail water. In fact, this inspection was used in part to determine the 
2-ft and 0.5ft depth corrections for sweepout and diving flow conditions. 

may, therefore, be stated that the corrections are sufficient to compensate 
ith certainty for either a rising or falling tail water in both cases. 

Mr. McPherson’s opinion that unsymmetrical spillway gate operation should 
tt be used with slotted buckets, as well as with solid buckets, is correct. 
Iwever, if unsymmetrical operation becomes necessary such as during 
mergency discharges through a partially completed structure, a slotted 
icket is more desirable than a solid one because debris swept into the bucket 
more easily washed out of the slotted bucket. In a solid bucket, debris tends 
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to roll around and erode the concrete until a near maximum flow lifts it out 
over the bucket lip. In a slotted bucket, it is reasonable to expect that much 
smaller discharges would move debris out through the slots. The comparison 
of solid and slotted buckets made by the writers was not entirely based on 
material presented in the paper. Actually, tests were made on buckets of 3 
different radii and for 3 different lip elevations from one of the radii. In each 
of these cases, the bucket shape was atrue arc( (called radial exit by Mr. Mc- 
Pherson). These tests were made before the slotted bucket had been developed, 
in an attempt to provide a satisfactory solid bucket for use on Angostura Dam. 
It was these tests that led to the development of the slotted bucket. After the 
slotted bucket had been developed, but before the generalization tests were 
made, a single solid bucket shaped to a true arc and having a 45° exit was 
again tested to substantiate and prove beyond a doubt in the writers’ minds 
that the solid bucket is objectionable in many installations because it pro- 
duces a concentrated jet, a standing wave (called a boil by the writers), anda 
ground roller that moves loose bed material up to the bucket lip. It was after 
these visual studies that the writers concluded that the slotted bucket is 
superior to the solid bucket. The remainder of the comparison was based on a 
review of the results obtained during the Grand Coulee Spillway model studies. 
Much of the comparison data could not be presented because the data were 
visual and photographic in nature. 

The range of bucket sizes and tail-water elevations covered was quite ex- 
tensive, although not “complete” in the strict sense of the word. As to tail- 
water elevations covered, comprehensive data for flow-tail-water-roller re- 
lationships between the limits T,,j, and Tmax are not available because the 
limiting conditions, Tyin and Tmax, are determined in such a way that any tail 
water between these limits results in satisfactory performance. As to bucket 
sizes covered, McPherson states, in effect, that small Froude numbers have 
been tested for only small hy /R values (low dams) and large Froude numbers 
for only large hy /R values (highdams). The writers contend that large Froude 
numbers are associated with high dams, small Froude numbers are associated 
with low dams, and there are no other practical combinations to be covered. 
The buckets tested had radii ranging from 1/10 to 3/10 of the spillway height 
and each was tested for a complete range of tail-water depths. Thus, bucket 
design data are included for Froude numbers (computed for the flow at the 
point on the spillway face corresponding to tail-water elevation) ranging from 
4 to 10. For Froude numbers below 4, the tail water is usually near spillway 
crest elevation, the total energy inthe flowis relatively small, and a modifiec 
type of bucket dissipator is often more desirable, It was not the intention o: 
the writers to include buckets used on low dams where the tail-water dept 
approaches the height of the spillway crest. Damsites where a Froude numbe1 
of 10 can be exceeded are rare (F= 9.7 for Grand Coulee) and would ordinarily 
demand individual model tests. f 

The curves of Fig. 21 were obtainedfrom amodel 5 ft high, measured fron 
the bucket invert to the spillway crest as was pointed out by Mr. McPherson 
However, 4 different bucket radii were used to provide 4 different ratios o 
bucket radius to spillway heights, making the surface profile characteristic: 
_curves as acceptable as any of the other data presented. The writers wou 
like to state, however, that the curves give the boil height only for the desig 
flow with tail-water depth between Tmin and Tmax. Since the ratio A/T is onl 
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slightly changed by using Typin or Tmax, the change in boil height is not of 
practical concern. As the discharge is decreased below the design flow, the 
ratio of A to T approaches unity. 

Mr. McPherson is correct in questioning the use of the slotted bucket on 
approach slopes other than the 10 on 7 slope used throughout the model tests, 
To be strictly correct, an approach slope of 100n7 should be used in the 
orototype. On the other hand, the writers believe, based on their experience 
with many bucket tests, that the slopes could be modified to 10 on 6, or 10 on 8, 
without affecting the bucket performance adversely. It is also entirely possible 
that the slope could be modified to evena greater degree. Certainly, the bucket 
can be used with flat slopes if the spillway face is made steep just before 
maximum tail-water elevation is reached. 

The inconsistency between Fig. 22 in the writers’ paper and Fig. 15 in Mr. 
MicPherson’s Reference 5 is of more academic than practical interest because 
he purpose of the figures is to provide a first approximation of the velocity 
n making exploratory calculations. For large heights of fall, the use of H or 
1/2 does not affect the velocity to a practical degree and for low heights of 
all neither expression is entirely correct. Fig. 22 was used by the writers 
yecause of the slight additional safety factor inherent in using H rather than 
1/2. 

Table M1 prepared by Mr. McPherson indicates another method of com- 
aring the conjugate depth required for a hydraulic jump with the tail-water 
lepth required for a slotted bucket. However, the writers did not present the 
‘omparison in this way because the minimum and maximum tail-water re- 
juirements in most cases place the bucket invert at extremely different eleva- 
ions and using an average tail-water depth for computation of the Froude num- 
er at the bucket invert elevation is not correct. However, both the writers’ 
nd or McPherson’s tables illustrate the only point the writers wished to make- 
_bucket-type dissipator requires a greater depth of tail water than an hydrau- 
i¢ jump stilling basin. 

The extrapolation to obtain the bucket size for Angostura Dam to which Mr. 
fcPherson objects is the result of discharging more water through the bucket 
han is recommended. In the Introduction, Item C, it is stated that individual 
10del tests should be conducted when the discharge per foot of width exceeds 
00-600 cfs. The extrapolation to which Mr. McPherson objects is to a unit 
ischarge of 901 cfs. 

The extrapolation of the curve in Fig. 15 for the design flow computations 
1 Table 3 should read 0.6 instead of 0.5. The bucket radius is then computed 
) be 56 ft, instead of 47 ft. Mr McPherson’s curve in Fig. M-2 indicates the 
adius should be 50 ft. 

The actual bucket radius used inthe existing structure is 40 ft, but this was 
etermined from a separate model study of the Angostura spillway conducted 
rior to the general study by the writers. The smaller bucket derived from the 
dividual tests illustrates the point the writers tried to emphasize throughout 
eir paper—the design curves will produce installations that are safe for pro- 
type operation. In the general study, it was difficult to establish exact limits 
specially in the lower range of Froude numbers. Therefore, to obtain the 
mallest structure and the minimum tail-water depth, an individual model 
‘udy is recommended. The values shown for the various structures in Table 4 
ere obtained from the design curves in the paper and are not intended to rep- 
ssent, necessarily, the existing structures. 
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Mr. McPherson expresses the hope that the writers will present other data 
on other structures. If other data on other structures had been available, they 
would have been presented in the paper. The Superior-Courtland and Cambridge 
Diversion Dams mentioned by Mr. McPherson are low structures with tail- 
water elevation near crest elevation. The slotted buckets for these structures 
were developed prior to the general study conducted by the writers and no lab- 
oratory data useful for design purposes are available. The portions of the 
Angostura model study data which are useful for general design purposes were 
summarized and presented in the paper. The corrections suggested by Mr. Mc- 
Pherson and listed at the end of his discussion are typographical in nature and 
should be made as he has indicated. 
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PERFORMANCE OF FLOOD PREVENTION WORKS 
DURING THE 1957 FLOODS2 


Closure by Charlie M. Moore 


CHARLIE M. MOORE, ! F, ASCE.—Mr. Blaisdell is correct in his supposi- 
ion concerning the functioning of the principal spillways, in that they did func- 
ion very satisfactorily and with little damage below the outlet end of the spill- 
vays. Perhaps this is due to the use of relatively small pipe diameters, low 
ischarge rates, and the fact that the pipes discharged, in most instances, on 
easonably good erosion-resistant soils. 

The scour holes shown in Figs. Bl and B2 of Mr. Blaisdell’s discussion are 
ypical of the scour holes that have developed below many of the structures. 
}ecCause scouring was anticipated in design the cantilever section of pipe was 
laced well out from the toe of the embankment on all structures, Some soils 
f course erode more readily than others, and this must be considered in de- 
ign. Where highly erodible soils exist at the end of a proposed conduit, it may 
e€ necessary to relocate the conduit or install rock riprap or other control 
1easures. 

Whether or not future capacity flows will increase the size of the scour 
ole to dangerous proportions is of course unknown, as pointed out. However, 
ispections of the structures after every storm of any significance, and annual 
iaintenance inspections of all structures, have revealed no appreciable en- 
irgement in most cases. 

The questions raised by Mr. Blaisdell astothe future performance of can- 
levered outlets are well founded. He points out that there “must be limitations 
s to the size of cantilevered outlets that can be used with soils of different 
rodibilities in order to prevent the scour hole from endangering the dam.” 
his statement appears to be true based on experience with several larger 
oodwater retarding structures constructed since 1957 in the arid and semi- 
rid areas of Texas. In these areas the erodibility of the soils is higher and 
ie chance of establishing vegetation for erosion control is much lower. The 
rainage areas are considerably larger which requires higher peak flow dis- 
larges through the principal spillways. 

Where the major portion of floodwater retarding structures in this area 
mtain principal spillways of 18-in. to 24-in. diam pipes, the structures 
entioned above have pipe diameters ranging from 31 in.to 57 in., maximum 
erating heads ranging from 26.2 ft to 74.3 ft, and maximum anticipated dis- 
larges ranging from 125 cfs. to 580 cfs. These structures discharge on SM, 
L, SM-SP, SM-SC and CH soils. The most erodible is of course the SM, payee 
1d SM-SP soils, andwith the ML soils are the ones offering the most problems. 


I 


4 October, 1959, by Charlie M. Moore. 
1 Design Engr., Engrg. and Watershed Planning Unit, SCS, Fort Worth, Tex. 
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One large structure built in Oklahoma on which a scour hole is being cor- 
rected has a 34-in. diam pipe, 74.3 ft maximum operating head, and a 250 cfs. 
maximum discharge. This structure discharges on SM, CL-ML, and SM-SC 
soil classifications which afford very little resistance to erosion. 

In all of the preceding cases some form of outlet protection will be needed, 

In light of this more recent experience it is thought that where the maxi- 
mum pipe discharge exceeds 125 to 150 cfs. and the erodibility of the soil is 
high, some type of energy dissipator should be provided. Where soils have a 
high erodibility we anticipate using the so-called “plunge basin” in which the 
size of the scour hole will be predetermined and riprap used. This protection 
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FIG, 1.—ST, ANTHONY FALLS STILLING BASIN 


will be used in connection with the cantilever support. A limited amount ° 


is contained elsewhere, 

Where soils are less erodible and tail water depths will not be changed ap 
preciably due to erosion of the channel below, the SAF stilling basin as de 
veloped by Mr. Blaisdell is a very appropriate device for dissipating the ve 
locity. Such an installation as shown in Fig, 1 was made on Rowlett Creek Si 
4 near Dallas. This structure is in soils similar to the ones shown in Fig: 


26 Design of Small Dams,” by the Bureau of Reolamation: ei 
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31 and B2 of Mr. Blaisdell’s discussion. The stilling basin was installed be- 
ause of the relatively large anticipated peak rate of discharge due to the sub- 
sequent installation of a 48-in. diameter pipe through the embankment. 

This basin will accommodate a maximum discharge of 408 cfs from the 48- 
n, and a 22-in diam pipe running parallelthrough the embankment, The basin 
las length of 12.0 ft, sidewall height of 9.5 ft, and is 12.0 wide, The floodwater 
‘etarding structure controls the runoff from a drainage area of 7,291 acres of 
3lackland soils and is founded in CH-CL soils, 

There are very good design criteriafor the SAF stilling basin as developed 
y Mr. Blaisdell which the designer may use. However, criteria for predicting 
he size and extent of scour holes and for the design of plunge basins are sadly 
acking. The writer agrees that this would bea very fertile field and a worth- 
vhile project for research. A systematic research program to study the de- 
elopment of scour holes below the many floodwater structures built in the 
yatershed protection program throughout the country would no doubt provide 
ata and criteria for use in future design. It would also answer important 
uestions raised by Mr. Blaisdell in his discussion. 
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WAVE-INDUCED MOTION OF BOTTOM SEDIMENT PARTICLES2 


Closure by P. S. Eagleson and R. G. Dean 


P. S. EAGLESON 19 A. M. ASCE, AND R. G. DEAN,29A, M. ASCE.—The 
authors are indebted to Mr. Miller and his co-workers at the Woods Hole 
Jeeanographic Institution, Woods Hole, Mass., for their persistent efforts to 
evaluate recent theoretical idealizations of beach processes in the light of 
heir observations on natural beaches. 

All too often, the geologist and engineer have chosen to go their separate 
vaysS in an area of common interest with the result that the best resources of 
0th disciplines are seldom brought to bear on the same problem. 

Mr. Miller correctly points out that the assumption of De Jk = 1 at all points 
m an equilibrium beach is unrealistic. Afew words concerning the necessity 
or this assumption are in order. 

The final (equilibrium) size-frequency distribution of surface sands at any 
Osition on a natural beach under a given wave system depends upon the initial 
size-frequency distribution at all points along the beach and upon the final 
equilibrium) beach profile. However, the equilibrium relationship between 
ocal beach slope and particle size is shown by the authors to be dependent upon 
he local value of the ratio, De/k; which in turn depends upon the local equili- 
rium size-frequency distribution. 

A convenient and sensible way out of this dilemma is to obtain a first ap- 
roximation to the equilibrium size-slope relationship using the value D, Np eee il 
verywhere. 

If, as Mr. Miller points out, the offshore mode of particle motion is unlikely 
2 be of significance on natural beaches, and if De < Dj everywhere, then at 
ny point all sizes smaller than Dg, will be absent from the surface sands. 
Mder such conditions D, /, will be closest to unity near the breaker and will 
et progressively smaller in the offshore direction. 

Once approximate equilibrium sizes are located using Dg Yi oe 1 this assump- 
on may be modified and more accurate values of D, obtained through a second 
eration. 

Mr, Miller states that field observations indicate that seaward motion off- 
hore of the equilibrium location (“null point”) does not occur in nature. This 
s not surprising since, even under the ideal and controlled conditions of the 
iboratory the offshore motion was found to be weak and erratic. In this zone 
1e driving force is predominately gravitational and is thus quite small, The 
lightest irregularity in the frictional resistance of the bed is sufficient to 
‘op the motion. 


4 October, 1959, by P. S, Eagleson and R, G, Dean, 
19 asst. Prof., Hydr. Engrg., Mass. Instit, of Tech., Cambridge, Mass. 
20 Student, Mass, Instit. of Tech., Cambridge, Mass. 
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HYDRAULIC CHARACTERISTICS OF GATE SLOTS@ 


Closure by James W. Ball 


JAMES W. BALL,! M. ASCE.—The discussions have added much to the 
scope and usefulness of the material presented in the paper, and indicate the 
1eed of expanding and clarifying certain parts. The discussers have added 
several valuable references, and the writer expresses appreciation for their 
mportant contributions. 

The data contained on Fig. 11 cannot be compared directly with that of the 
ther figures of the paper because of differences in data test facilities, and 
‘elative piezometer locations, Fig. 11 was presented mainly to show the simi- 
arity of data obtained from two separate test programs, and particularly to 
show that the low-pressure area had been movedfrom the downstream edge of 
he slot, Slot A, to just downstream of the P.I. when the downstream corner 
vas Offset outwardly with 12:1 converging walls downstream, Slots Band C. 

The definition of h, in the figure is in error. Actually it is similar to that 
ised in Fig. 68 of Reference No. 2. The definition should be “the pressure in 
est facility about 9 in. upstream from slot.” The curve for Slot B was plotted 
rom Fig. 68 for comparison with Slot C with the scale changed (by the ratio 
f the 12:1 slope lengths) to correspond to that of the Bureau test facility. Also, 
he sharp dip in the curve immediately downstream from the P.I. of Slot B was 
rawn in, using the curve for Slot C as a guide. This was done because of the 
nore complete piezometer coverage in the larger test facility. This explains 
he lower dip of the curve and why the distance of the P.I. for Slot B in Fig. 11 
s 6.1 in. instead of the prototype dimension of 13.5 in. given on Fig. 68. It is 
till questionable that the minimum pressure has been indicated in either of the 
urves, a condition which was suggested in one of the discussions, The mini- 
tum pressure may be much lower than the curves indicate, particularly if 
ressure fluctuation is considered. Some scale effect is still not ruled out but 
1e proof of this would have to be determined from tests on different scale, 
eometrically similar test facilities. 

The reference point, ho, for the data on the other figures of the paper is 
pecified as the back of the gate leaf. A clearer SCS eee would be “pressure 
nmediately downstream from the slot.” A value of - g 
; Vv 
btained by projecting to it the hydraulic grade line determined in the system 
ell downstream from the slot. The pressure values obtained in the slot areas 
ere then adjusted by the amount appropriate to make a similarly sloped grade 
ne pass through zero (atmospheric) at the downstream slot corner. Zero, or 


for this station was 


2 October, 1959, by James W. Ball. 
f Hydr, Engr., Bur. of Reclamation, Denver, Colo. 


} 


156 January, 1961 HY 


Se DEVENS Ut atte 
Be 


“2 


ly 
Gate frame-’ 


are 


FIG, 21.—BEVEL-GROUND IN CONCRETE SURFACE 
AT END OF GATE FRAME 
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FIG, 22,—BREAK IN SLOPE AT END OF METAL - 
LINER OF OUTLET CONDUIT 
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atmospheric, pressure was used simply as adatum of convenience. The pres- 
sure datum is not affected by either the leaf-wall aperture or seat. The term 
hy in the expression given above is the velocity head corresponding to the 
average velocity at the upstream edge of the slot, 

The writer’s conclusion that the omission of the 0.056 W radius on the 
downstream corner hadno adverse effects came from tests made on the water- 
test facility in which the pressure curves downstream from the P.I. were iden- 
tical for both the sharp and rounded corners, The dimensions of the model 
slot with “the outwardly offset, 1-in. rounded corner with a 12:1 convergence” 
were: Width 4-1/2 in., depth 3-3/4 in., radius of rounded corner 1/4-in. The 
rounded corner was not tested in the air facility. Because of the difference in 
datum in Figs.11 and 12 ofthe paper, conclusions drawn from these two figures 
might be in error. This fact may change some of the comparisons made in 
Tables M1 and M4 of one of the discussions. 

An interesting observation made during the analysis of data from the sev- 
eral test facilities was that the pressure factor was usually slightly more nega- 
tive with water than air. Only a small number of tests could be compared so 
no conclusion was drawn from the observation. However, the machined shapes 
in the water facility probably had sharper intersections than the planed and 
carefully sanded surfaces of the air facility. Also, different relative locations 
of piezometers may have been a contributing factor. 

The question as to whether or not cavitation damage with 12:1 convergent 
walls is necessarily associated with the minimum boundary pressure down- 
stream of the P.I. can be best answered by a photograph (Fig. 21). An offset 
into the flow of about 1/4-in. occurred in the concrete at the end of the metal 
yate frame in the Palisades Dam Outlet Works during construction. This offset 
was removed by grinding the concrete to grade at the gate frame, and forming a 
sloping surface or bevel which varied from about 4:1 to flat in the direction to 
‘low. After several months exposure to velocities of about 100 fps damage oc- 
surred at slope intersections even less severe than 12:1. 

There have been other observations which show that cavitation can be in- 
luced by breaks in slopes flatter than 12:1. In one case, where a metal cone 
ining was placed at the end of an outlet conduit through a dam, the break in 
slope at the end of the cone was 20.8:1 (Fig. 22). Severe cavitation-erosion 
curred just downstream from the P.I. (Fig. 23). The remedy used was the 
slot-type groove shown on Fig. 24 which was based on the data given in the 
aper. Preliminary reports from the field indicate that this treatment, which 
vas applied in the 1959-60 winter season, was very effective. The writer is 
Onvinced that cavitation downstream from the 12:1 slope for slots similar to 
3 and C, Fig. 11, is associated with the minimum boundary pressure down- 
tream from the P.I. It is evident from photographs and the laboratory tests 
hat the break in slope at the P.I. can produce a reduction in pressure which 
ould cause vapor cavities to form immediately downstream from the break, 
nd that these cavities would move almost immediately into a steeply rising 
ressure grade where they would implode to cause cavitation-pitting. 

From the test data presented by several investigators, it can be concluded 
iat the gate slot design using 12:1 convergent wall sections downstream may 
ave two separate sources of cavitation: the vortex flow within the slot, and 
1e break in slope at the P.I, There is still some question as to whether or not 
1e cavitation action within the slot, if it does occur, is of a damaging nature. 
he absence of signs of cavitation on the floors of the gate frames at Pali- 
ades Dam seems to indicate that cavitation either does not occur, or occurs 
. 
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within the fluid, away from the flow boundary, and does not produce damage 
This fortunate situation may not be true of all gate slots. 

An observation made during tests in the water tunnel of Fig. 4, from whic 
Fig. 20 was developed, may have some bearing on the preceding statements 
Piezometers located as close as 3/64-in. from the offset corner did not sho 
vapor pressure with pressure cells when the offsets were large and vapo 


FIG, 23,—CAVITATION-EROSION IN CONCRETE SURFACE DOWNSTREAM FROM 
BREAK OF SLOPE AT END OF METAL LINER OF OUTLETCONDUIT 


flashes were first noted. Furthermore, vapor pressure was not indicated unt! 
an envelope of vapor existed downstream from the corner. When the envelop 
was small the pressure fluctuated greatly with momentary values equal to th 
vapor pressure. As the vapor envelope increased,the pressure became stead 
at*vapor pressure. For small offsets, the pressure cell showed intermitte: 
values of vapor pressure almost simultaneously with the vapor flashe. 
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The preceding observations were the basis for the statement that “the pres- 
sure on the surface just downstream of the downstream slot corner need not 
be of vapor pressure magnitude for cavitation tooccur at the slot.” The same 
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FIG, 24,—GATE SLOT-TYPE GROOVE AT END OF METAL 
LINER OF OUTLET CONDUIT 
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} FIG, 25,—VELOCITY PROFILES FOR TEST FACILITIES 
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dications were present when the in-line wall slot was tested in the water tun- 


1 shown on Fig. 4. 
The pressures for the gate slot tests were recorded with open manometers; 


us, the values obtained were average and would not indicate instantaneous 
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lows which could reach vapor pressure and cause cavitation, even though the 
average pressure was much above the vapor pressure. 

There have been cases when pressures obtained by open manometers ir 
model tests have been only slightly subatmospheric and yet cavitation has oc- 
curred in the field structures. A recheck of model pressures by pressure cells 
in these instances has shown that intermittent pressures equivalent to vapor 
pressure were occurring, thus confirming the cavitation onthe field structure. 
Cavitation can thus occur before the pressure recorded by an open manometer 
shows vapor pressure. In fact, under certain flow conditions and amount 0! 
sharp-cornered offset into the flow, tests have indicated that cavitation may oc- 
cur off the surface even though surace pressures do not momentarily reach 
vapor pressure. 

The writer has observed cases where cavitation has taken place within sud- 
den enlargements downstream from gate values without inflicting damage to the 
enlargement surfaces.2 In other cases not yet reported damage could be in- 
flicted to the walls of the enlargement either by lowering the back pressure t 
give a certain value of the cavitation index, or by reducing the relative size o 
the sudden enlargement. 

Minimum boundary pressures may not be a true measure of the cavitatio1 
potential in certain designs. However, if rapid fluctuations in pressure caust 
instantaneous occurrences of vapor pressure, cavitation will occur and th 
minimum boundary pressures maybe most important. Operation of gates usin; 


a slot design in which minimum boundary pressures (average water column 
hh, 
are near atmospheric, po G: have not shown damage from boundary condi. 


tions or from conditions within the slot. 

The water tunnel shown on Fig. 4 was used also to obtain the data shown 0} 
Fig, 20. The offset was placed 6 in. from the upstream end of the test section 
A piezometer in the top of the test section, and 3 in. upstream from the offset 
was used to measure the piezometric head. The pressure head H was obtaine 
by projecting the hydraulic grade line to the offset station and correcting it t 
the elevation of the offset corner. Details of the test procedure, and back 
ground for Fig. 20, were not included in the paper because the informatior 
along with tests on chamfered and rounded offsets and other surface irregu 
larities, are expected to be the subject of a future paper. 

When the test section was planned it was thought that the height might be to 
small for the larger offsets. However, the pump facilities did not make a large 
section feasible. Moreover, the smaller offsets were of major interest becaus 
data were needed to determine sizes of offsets that can be tolerated in con 
crete surfaces subjected to high velocities, such as downstream from high-hea 
outlet works gates. Even though the trend of little change in critical velocit 
with increase in offset size is logicalfor the larger offsets, there is still som 
question as to whether or not the test section size was adequate for the large 
offsets. % 

‘he water for the test section wastakenfrom, and returned to, the labora 
tory storage channel. Thus, the facility was not the usual closed recirculating 
type water tunnel generally used for cavitation studies and the water containe 


2 «Cavitation Characteristics of Gate Valves andGlobe Valves Used as Flow Regul 
tors Under Heads Up to About 125 ft,” by J, W. Ball, Transactions, of ASME, Vol. 7 
No, 6, August, 1957. : 
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‘Onsiderable air that could not be removed. Initially, the facility contained a 
traight 6-in. wide by 3-in. high rectangular approach 4 ft 11 in. long which 
ave the centerline velocity profile (Curve A, Fig. 25) in the approach 9 in, 
ipstream from the offset. The curves of Fig. 20 are based on the average ve- 
ocity just downstream from the offset. This velocity was thought most appro- 
riate for the use to be made of the data at that time. The ambient pressure 
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FIG. 27,—-SPECIAL UNIFORM-VELOCITY TRANSITION 


iS varied by adjusting a valve in the downleg at the right in Fig. 4. Piezo- 
asters were located as shown on Fig. 26. Incipient cavitation for various ie 
sities and pressures was usually determined by setting a dechayee es t we 
rying the back pressure until tiny vapor flashes formed in the flow oo e f- 
t corner, The flashes were viewed through circular plastic windows placed in 
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each side of the test facility at the offset station. Audible definition was also 
made during some of the tests, with good agreement between both methods. 

The facility shown on Fig. 4 was rebuilt for recent research tests to obtain 
uniform velocity throughout the cross section in the approach to the offset. 
The quite uniform velocity 3 in. upstream from the offset Curve B, Fig. 25, 
was obtained by placing a special transition at the upstream end of the test 
section 6 in. from the offset station (Fig). 27). Results obtained from this facil- 
ity, using the average velocity in the section just upstream from the offset, 
were quite similar to those on Fig. 20. 

The replotting of the data from Fig. 20, in other coordinates, as in Fig. Tl 
of one of the discussions, is very interesting. Whether or not the data would 
be more useful in one form or another depends on what use is to be made of it. 
Experience has shown that the information as presented on Fig. 20 is very use- 
ful to designers. 

The discussion from a designer’s point of view points out that the ideal 
conditions determined from laboratory tests are often difficult, if not impos- 
sible, to apply to field structures. Itis therefore desirable to design hydraulic 
structures so that slight and acceptable variations from the construction stand- 
point are not critical. The writer believes that this condition was met in the 
gate slot design developed from the test data that formed the background for 
the paper. 

It is unfortunate that the high-head tests on a large model, and other tests 
conducted by the laboratories of the Societe Grenobloise d’ Etudes et d' Aplica- 
tions Hydrauliques, Grenoble, France, could not be described in detail. The 
limited data given is extremely interesting and adds much to the paper. A gate 
with an upstream seal anda forced contraction just upstream from the leaf has 
been used successfully by the Bureau. However, inthis case, the capacity was 
reduced, the coefficient of discharge based on full open area at the gate being 
reduced from about 0.97 to 0.80. 

The spreading of jets is definitely a part of the gate slot problem. The jet 
starts to spread as soonasit leaves the upstream corner of the slot. This fact 
is clearly illustrated in apaper3 presented at the Montreal meeting of IAHR in 
1959. The offset downstream corner of the design developed by tests in the 
Bureau laboratory takes advantage of this spreading actionto keep acceptable 
pressures on the flow surfaces downstream from the slots. The writer is firm- 
ly convinced and agrees with one of the discussers that the spreading action is 
important. However, the pressure patterns are just as important, and both 
should be considered together in any analysis of the slot problem. 

The vortex patterns shown in the figures of one of the discussions are o 
much interest. They serve to explain some of the trends and variations notec 
by the author when analyzing the test data taken from the various test facilities 
Photographs of vortex action and wet-paint flow patterns on the slot floor ob- 
tained in one of the early tests were deleted from the original paper in orde! 
to make it conform to the publication word limitation, These indicated som 
very unusual and interesting flow conditions, No definite points of discontinu. 
ity were noted for the W/D ratios observed. As suggested in one discussion 
this may have resulted from insufficient observations inthe region of W/D=2 

In the case of the offsets inthe cover-plate joints of the 48-in. water tunn 
where slot cavitation occurrence was evident andpresumably occurred only a 
fe Pe ee ee Se Re 8 ee as a ae ee Ye 


3 “Hydro-Dynamics of Flow Across the Width of a Gate Slot,” by Taher Abu El Wal 
and C, T, Advani, Eighth Congress, IAHR, Montreal, Canada, August, 1959, / 
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velocities above 45 fps, it would be of interest to know the magnitude of the 
ambient pressure in the tunnel at the time this condition was noted. The curves 
ef Fig. 20 show that cavitation will not occur ona 1/16-in. offset when the 
pressure is near atmospheric and the velocity is 45 fps. 

The boundary layer thickness was a consideration in all the gate slot tests. 
In tests which concerned specific designs, the facility was constructed and in- 
Stalled so as to produce a rather thin boundary layer at the slot. The velocity 
profile taken at a station 12 in. upstreamfrom the slot, Curve C, Fig. 25, was 
typical of the air test facility. The thin boundary layer was considered to be 
on the safe side when applied to field structures. In later tests on the offsets, 
the idea was to minimize the effects of boundary layer and subject the offsets 
to an easily obtained known velocity. 

The discussion of boundary-layer thickness effects on pressure distribution, 
its changes, and varying magnitude with varying W/D ratios is extremely in- 
teresting. It is obvious that the discusser has delved much deeper into basic 
research on slots than did the tests described by the writer. This information 
will be valuable in any future similar study performed to extend present knowl- 
edge. The data presented in the discussions concerning boundary-layer thick- 
ness and its effects on the wallpressure magnitude are proof of the reasoning 
used in the laboratory tests described by the author, that thin boundary layers 
in the test facilities would tend to introduce a factor of safety when applied to 
the full-sized field structure. 

The initial approach in the case of offsets into the flow (Fig. 20) was to de- 
termine the ambient pressure and velocity at the offset for incipient cavitation 
and then to use this along with computed near-boundary velocities to determine 
the criticalness of various sizes of offsets in different structures. This ap- 
proach was used to suppy the designers and construction engineers with in- 
formation which would permit them to determine the tolerances required for 
flow surfaces subjected to high-velocity flow. Actually, the designer feels that 
it is on the safe side to use curves like those presented on Fig. 20, assuming 
that the offset is subjected to the average flow velocity. This, of course, is 
the case where the boundary layer is well established. This factor of safety 
varies in different structures and decreases as the boundary-layer thickness 
decreases. The designers consider the data of Fig. 20 very helpful for both 
pen channel and closed conduit flow. 

It is hoped that this closing discussion will answer all the questions set 
‘orth in the several discussions. References to specific discussions were not 
made because of the similarity to many of the questions and comments con- 
ained in the various discussions. 


ERRATA 


_ Abcissa of Figure 20 should be changed to “Average velocity just down- 
stream from offset.” . 


§ ho on Figure 11 should be defined as “Pressure head in test facility about 
)inches upstream from slot.” 


The ratio 24:1 in the title of Figure 10 should be 12:1. 


Definition of hy in Figures 6, 8,9, 10, 12, 13, 14, 15, and 17 should be “Ve- 
ocity head at upstream edge of slot.” 
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MOUNTAIN CHANNEL TREATMENT IN LOS ANGELES COUNTY2 
Closure by William R. Ferrell 


WILLIAM R. FERRELL,! A. M. ASCE.—The author is indebted to Messrs. 
Yewhall and Henry for their forward thinking discussion of the author’s paper. 
n answer to their questions the following is presented. 

With respect to the possibilities of increasing the amount of deep percola- 
ion of ground water resulting from the installation of channel stabilization 
tructures, an increase in dam height, as suggested, is not believed justified 
1asmuch as a Stabilization system is designed primarily for erosion control, 
nd economy of continuous stabilization versus foundation and construction 
roblems related to increased heights goes out of proportion very rapidly with 
icreased height above 17 ft. There are, however, special situations which ne- 
essitate larger dams. One such structure is being constructed (as of 1960) in 
awpit Canyon where, due to the lack ofa suitable intermediate dam site, a 30-ft 
am is being constructed. This, of course, will increase possibilities of aug- 
1enting water conservation through increased percolation opportunity. The 
conomy and problems being encountered with this structure are being care- 
illy observed for future design criteria. At the present time (1960) no con- 
ideration has been given tothe drilling of wells or water galleries for the pro- 
iotion of deep percolation. This is anatea that should possibly be given future 
msideration at special locations. 

Messrs. Newhall and Henry commented relative to the possible use of the 
ner material that will be deposited in the District’s debris basins and debris 
ums as a result of erosion control works for topsoil and other nursery uses. 
_this regard, the District at the present time has many permittees excavating 
is material for lawn and garden purposes, and this type of use is being en- 
uraged to the utmost. 


I 
@ November, 1959, by William R. Ferrell. 

~ Superv. Civ. Engr., Los Angeles County Flood Control Dist., Los Angeles, Calif, 
f ; 
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THE VORTEX CHAMBER AS AN AUTOMATIC FLOW-CONTROL DEVICE # 


Closure by R. C. Kolf and P. B. Zielinski 


R. C. KOLF,! M. ASCE, AND P. B. ZIELINSKI,2 A. M. ASCE.—The discus- 
Sions indicate thata real interest exists in the subject matter of the eyes. The 
Suggestions offered are greatly appreciated. Both writers apparently “second 
the motion” for continued vortex research because of the probable engineering 
applications as well as the necessary increase in understanding of fluid behav- 
ior. 

Several of the questions raised by Mr. Amein need clarification. First, al- 
though the description of the Helmholz vortex helps in the understanding of the 
vortex phenomenon as it occurs in nature, the idealizations involved in the math- 
ematical concept do not indicate a wealtieds in the proposed treatment of vor- 
tex flow through orifices. In this presentation it is assumed that no torque is 
Supplied to the rotating fluid through moving boundaries, (as in the forced vor- 
tex Situation) but that fluid friction does exist. However, the curves and equa- 
tions presented in this paper are based on dynamic similarity and, therefore, 
the variations in the velocity distribution are accounted for implicitly. It should 
also be noted that the superposition of a radial flow on the free vortex does not 
change the type of velocity or pressure distribution except in the region near 
the orifice (significant water surface draw down). In both types of flow the 
oroduct of velocity and radius is a constant. 

In all of the test runs, a high degree of vorticity was induced by the inlet 
sonditions. Within the boundary ring, the radial component of the velocity vec- 
or was found to be negligibly small compared to the tangential component (the 
resultant vector making less than a 5° angle with the tangent). Therefore, the 
lirection of the velocity vector, for this particular apparatus, was changed by 
in amount approximately equal to angle @. This change in direction necessi- 
ates only a small force, which is supplied by the very slight increase in water 
surface elevation inside the boundary. Although the magnitude of the velocity 
rector is slightly reduced inside the vanes (kinetic head converted to elevation 
ead) this difference for the apparatus described was detectable in the third 
significant figure only, thus justifying the computational convenience of assum- 
ng that the velocity within the entrance vanes is equal in magnitude to the ve- 
ocity immediately inside the vortex chamber. Because of the nearly tangential 
onditions within the chamber, however, the term cos 6, should not appear in 
Mr. Amein’s equation. 

The observation that a high head will “drown out” a vortex is correct. This 
an be seenon Fig. 2, in which, for a constant circulation and orifice diameter, 


-4December, 1959, by R. C. Kolf and P, B, Zielinski. 
et Assoc. Prof. of Fluid Mechanics, Marquette Univ., Milwaukee, Wis. 
Instr., Hydr. and San, Engrg. Lab., Univ. of Wisconsin, Madison, Wis. 
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the coefficient of discharge is shown to increase with increasing head. The de- 
sign of a diversion system or “counterflow brake” however, may have features 
which produce an increasing circulation with increasing head.3,5 


The discussions have been valuable in pointing out the required directions 


of further study. It is hoped that the basic method presented will provide the 


atl 


means for establishing the feasibility of utilizing the vortex phenomenon in en- 
gineering design as wellas measuring the effects of existing vortex conditions. 
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TOLKMITT’S BACKWATER AND DROPDOWN CURVE TABLES2 


Discussion by Chesley J. Posey, Monir M. Kansoh, and Serge Leliavsky 


CHESLEY J. POSEY,34 F. ASCE.—Presentation of the Tolkmitt tables is a 
timely contribution to American literature. The recent development of theo- 
retically complete integration methods, together with accurate tables for the 
functions required, would seem to have rendered the older integration methods 
of Bresseand Tolkmitt quite obsolete. However, as one uses the newer methods 
he becomes aware that the numerous double interpolations which must be done 
carefully in order to obtain the necessary accuracy are very laborious. Pre- 
liminary determinations of parameters is time-consuming and evaluation of 
terms after the interpolated functional values have been obtained takes still 
more time and affords additional opportunities for error. One might as well 
use the step method for uniform channels advocated by J. C. Stevens, Past-Pres- 
ident, ASCE.35 In acquiring a more precise evaluation of the effects of friction 
and cross sectional shape the direct integration methods have lost the advan- 
tages of convenience and easy detection of errors. 

The mathematician who finds his solution too complicated searches for an 
“approximating function.” Now it turns out that the best approximating func- 
tions for the backwater and dropdown curves are those of the type of Bresse 
and Tolkmitt. To make sure that the approximating function gives a good ap- 
proximation one needs certainrules - “cautions” to be observed in the selection 
of the coefficients C and n. If these cautions are carefully observed, the older 
integration methods will give good results. If through misunderstanding or 
carelessness they areimproperly applied, the results can be very poor indeed. 
It is, no doubt, the ease with which the unwary can obtain poor results that 
brought the older methods into disrepute. 

The value of the normal depth (d in Figs. 1 and 2) is the most important para- 
meter in obtaining a good approximation, and it should be based upon the best 
information obtainable. In descending order of reliability, sources of this in- 
formation are (1) direct measurement in the actual channel, at the desired dis- 
charge (2) interpolation between two such direct measurements (3) a short ex- 
trapolation beyond two or more such measurements (4)a computed value based 
ipon measured or estimated values of “n.” 

_ The value of the coefficient C given by Eq. 5should be based on the average 
of the values at each end of the reach. The writer’s experience in selecting the 
‘best C” for use with Bresse’s function indicates that the most accurate results 


a 


2 May, 1960, by R. D. Goodrich. ; : 
34 Prof, and Head, Dept. of Civ. Engrg., Univ. of Iowa, Iowa City, and Dir., Rocky 


Mountain Hydr, Lab., Allenspark, Colo. 
385 Piscasston of “Back-Water and Drop-Down Curves for Uniform Channels,” by J. 


3. Stevens, Transactions, ASCE, Vol, 103, 1938, p. 990. 
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are obtained by using a constant value throughout the length of the curve. At- 
tempting to vary C to gain precision not only complicates the computations, but 
actually results in poorer approximation. Even for narrow and deep rectangular 
cross sections, C chosenon this basis willgive results thatare nearly identical 
with those given by the step method. Good results are obtained even when the 
cross section differs appreciably from rectangular. 


TABLE 3.—TABLE FOR TRIANGULAR SECTIONS, PART I 


38638 .03958 


bo. 0. i. 0 
1, 0.38177 0. a 0.03727 
0. ; 0.37729 0. 1. 0.03513 
0.84235 D: 0.37294 0. 0.03314 
0.78929 1 0. 36870 0. 1. 0.03130 
0.74815 x 0.36457 0. l. 0.02799 
0.71454 | 1, 0.36054 0. 16 0.02512 
0.68612 a 0.35662 0. x6 0.02261 
0.66159 1. 0.35280 0. u 0.02040 
0.64002 is 0.34907 0. 1. 0.01846 
0.62074 | 1. 0.34543 0. ie 0.01636 
0.60328 b. 0.34187 0. 1. 0.01454 
0.58737 i. 0.33839 0. 1, 0.01297 
0.57276 ‘3 0.33499 0. e 0.01161 
0.55927 ‘% 0.32840 0. i 0.00937 
0.54676 Ll. 0.32209 0. 2.2 | 0.00765 
0.53508 1, 0.31604 0. 2.3 | 0.00631 
0.52411 iy 0.31023 0. 2.4 | 0.00525 
0.51380 ie 0.30464 0. 2.5 | 0.00439 
0.50406 | 1. 0.29407 0. 2.6 | 0.00371 
0.49485 ie 0.28422 0. 2.7 | 0.00315 
0.48614 t, 0.27502 0. 2.8 | 0.00270 
0.47787 ri 0.26638 0. 2.9 | 0.00232 
0.46995 1: 0.25826 0. 3.0 | 0.00202 
0.46237 1. 0.25059 0. 3.2 | 0.00151 
0.45511 oe 0.24335 0. 3.4 | 0.00115 
0.44816 | 1. 0.23650 0. 3.6 | 0.00090 — 
0.44149 "a 0.22999 0. 3.8 | 0.000710 
0.43507 a 0.22381 0. 4.0 0.000569 
0.42889 it 0.21648 0. 5.0 | 0.000213 
09422940 leds 0.20957 0. 6.0 | 0.000091 
0.41719 i; 0.20304 0. 7.0 | 0.000047. 
0.41164 Ls 0.19686 0. 8.0 | 0.000025 
0.40626 | 1. 0.19099 0. 9.0 | 0.000014 

.034 | 0.40106 | 1.130] 0.18541 0. 10; 05.1, a0s 

.035 | 0.39602 1,135 | 0.18011 0. 15. 0 sO 

036 | 0. iN 0.17505 0. 00 


As the author points out, tables are now available for rectangular, parabolic 
and circular cross sections. In computing backwater and dropdown curves re 
compare with the experimental results obtained in the National Science Founda: 
tion-sponsored 400-ft variable slope flume of the Rocky Mountain Hydrau i 
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TABLE 4,—TABLE FOR TRIANGULAR SECTIONS, PART II 


x & (X) 
0.00 0. 0. QO. 0. 0. 1.36010 
0.10 Q. 0. 0. 0. 0. LTRS, 
0.20 0, 0. 0; 0. 0. 1.38067 
0.25 Q. 0. 0. 0. 0. LHS OR TS 
0.30 0. 0. 0. 0. 0% 1.40356 
0.35 0. 0;, 0. Ox 0. 1.41605 
0.40 0. 0. 0. 0. Oe 1.42938 
0.45 0. 0. QO. O° 0. 1.44368 
0.50 0. 0. 0. 0. 0. 1.45908 
0.52 0. 0. 0. 0. OR 1.47580 
0.54 0. 0. 0. 0. 0.9 1,49408 
0.56 0. 0. ih 0. 0. 1,51418 
0.58 0. QO. is 0. 0. 1.53660 
0.60 0. QO. L, 0. 0. 1.56198 
0.62 0. 0. 13 0. 0. LD O27, 
0.64 0. 0. ibs 0. 0, 1.62631 
0.66 0. 0. 2 0. 1,66897 
0.68 QO. ie 1. 0. Drews) 
0.7 0. 0. a Oi Liege oe 
0.72 0). 0. iv 0, 1.93243 
0,74 0. 0.940 | 1. 0. roa) 


Laboratory, K. P. Singh found that none of the existing tables permitted a sat- 
isfactory approximation for the case of a triangular cross-section.36 He there- 
fore computed tables for the case. To fill this gap, which again is not a serious 
ye, it seems appropriate to reproduce Mr. Singh’s tables herewith (Tables 3 
und 4). In Part I (Table 3) 


x= S24 Repti Reet. Sova. eee 85) 
and x 
a(x)= f a seth nabs ee dy _ .(39) 
On pend 
n Part II (Table 4) 
ar a Ree AO 
nd x 
5 a(x) = f ea si A CATS, 
Oeel = n 


¥ 


the equation into which the tabular values are to be substituted is 


Eee EK YS, aac nasal aeusd) 


86 “Study of Backwater Curves in a Triangular Channel,” by Krishan Piara Singh, 
sis presented to the University of lowa, Iowa City, Iowa, in August, 1958, in partial 
ufilment for the degree of Master of Science. ; 
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The symbols are the sameas the author’s except that L differsfrom L, in being 
measured from an arbitrary origin which could be located if it were deemec 
desirable to do so. The simplest procedure is to compute the value of L cor- 
responding to z = h and thensubtract it from any others for which the value L, 
is desired. 


MONIR M. KANSOH.?!—Mr. Goodrich presented his paper with the idea of 
making Tolkmitt’s tables available to American engineers because, althougt 
“only briefly discussed” by Bakhmeteff, the formulas and tables by G. Tolk- 
mitt are, to Mr. Goodrich’s knowledge, “only to be found in the German texts” 

It would have been more useful, then if the paper made a contribution to the 
English literature by including, as well, the derivation of the formulas as done 
by Tolkmitt or as tried by Mr. Goodrich himself. This would have helped alsc 
in adjusting the formulas and in detecting, more, readily, any misprint as hap- 
pened in Eq. 3. In this equation each term should have a length dimension tc 
represent a distance. The term f ut 1 - oct) must then either be multipliec 


by (d/s) or included in the preceding square bracket with the term f : q = ), 


Unless the derivation of this equation is presented, to prove the reverse, 
the writer believes that the term (1 - sC“/g) is not the proper one, inthe case 
of channels of parabolic cross section. This term is correct, for any bed slope, 
in only one case, when it is assumed, as done by Bresse, that the channel has 
a very wide rectangular cross section. This is shown in the following deriva- 
tion which the writer tried in order to arrive at the same results pictured by 
the first four equations given in the paper. Unfortunately, the results were no! 
the same. The derivation proceeds as follows: 

Most of the texts give, for the water surface profile, an equation of the fol- 
lowing or of some modified form: 


felsé s-i 
crs 5} oe 08 6 ww) wl One tee ae «0 « hae 

Q T 

Wega 

gA 


known as the varied flow equation, in which Y is the depth of flow; x is the dis- 
tance between two cross sections; s denotes the bed Slope or inclination; i is 


2 2 
the slope of the total head line (virtual slope) = | no oa c2 R, (on the assump- 


tion that the conditions of flow are approximately similar to uniform or normal 
flow conditions, that is, on the assumption that hydrostatic conditions prevail) 
R is the hydraulic mean depth or hydraulic radius A denotes the area of cross 
section A + wetted perimeter P;C is the Chezy coefficient (function of R); Tis 
the top width; and g is gravitational acceleration. j 

The distance x may be measured horizontally or along the bed, the slope § 
being usually very small that cos s almost = 1.00. “a 

The term $= looks preferable than oe or a and so the letters Y and 


are chosen to represent the depth of flow at any section and the distance 
tween two sections. 


37 Prof, of Hydr, & Water Power Engrg., Alexandria Univ., Alexandria, United Ar 
Republic. 
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Under normal conditions where no obstructions or interruptions take place, 
the flow is usually uniform and the depth can be distinguished by the symbol Y, 
or Y;>- 

A cross section at which the flowis normal or uniform may be described by 
the parameters Y,, A», Pn; Ry, Cy, T,- In this case the bed andthe water sur- 
face, in the longitudinal section, are parallel to the total head lineor s = i. Chézy 
equation can here be put in the form: 


dA, 
.. Dre) 
Q= CXS WERE Sea RS: ah aaa eg ae (44) 
Generally, 
2 ( A, C. Po te 
i = See Says ae ates he ays acd (45) 
Aa C2 R A C R 


A cross section at which the flow is critical may be described by the para- 
meters Yer, Acr, Poy, Roy, Cer, Ter. Here holds the relation: 


P= ¢ A?./ Ter LAs 4 ee ae esheets (46) 


In a channel of a parabolic cross section, the top width = constant x Y 5 and 
the area of flow = 0.66 T Y = constant x (Y) 3/2, 

Tolkmitt assumed a shallow wide parabolic cross section so that the wetted 
perimeter P might be substituted by T with the result that: 


20.668 T= 0.600). — F:h5. 5 SE so agnts (47) 


while 
C = const x (R015 to eas! 


const x (y-15 to 0-25) Ps lech are (48) 


According to Eq. 7, which is a good contribution, Tolkmitt’s assumption is 
applicable only where the ratio T/Y exceeds 16. Thus the term: 


Spe 
A” Cc” R = (0.66 T Y)” C” (0.66 Y) = const. (v C y) 
F .50 
= const. (x*) eauew te 0.50) _ const. (v4 cates ) = oul 49) 
_ Using Tolkmitt’s second assumption of a constant Chézy coefficient, thus 
4 
he Cc? R = const. (3 Cc? y) = const. (v ) ea Goan (50) 


In the same time 
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A oy, T = const. (9/2) Y 5 
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Returning back to the varied flow equation and attempting toarrive to Tolk- 
mitt’s formulas (1, 2, 3 and 4), using his two assumptions just mentioned, it can 
be said that: 


ging 
arta ey BPS (Zn J* 
aye s -i a a’ co? R oe Lae (52) 
dx , oon 3 pF eR 
Q*— cr 
3 er iT 1 - 
gA 1-g Sa x 
T 3 
cr gA 
This can be modified as follows: 
4 
1 - (Yer/¥}4 Se Fee 
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(vn/¥) y4 - y,4 
4 4 4 4 
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n n n 
(v*-y "yay 
pes 3 Tor ke 3 
(v¥-¥,)(% Vee bs Doe ey ) 
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oF 77 .y Vt (53) 


qadY+ 2S C+ eo le ee ee eee 
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where 


@,4-y,*)=K(v8sy, yey? vex 5)e(y- vy, (Ly? +My¥+N)... 4 


Putting Y = YY then 
from which 


Coefficient of y? is (K + L) = 0, that is, 


L=-K--(74. 
n 


ay 1 DISCUSSION 175 


Soefficient of Y° is (s Ghee Yt M) = 0, therefore 


of ae =o ay 4 2 
M= Yn CTs k) 2¥ K (v, x. a Pets corte hetee (58) 
Soefficient of Y is (cy.? - MY + n) =o and 
N=-KY,” -2y,2« = -aky,? --3 (y 4_y vy Riss eee Sohagtte (59) 
n n n 4 n (oy n 
: 3 sl 4 4 5 
\bsolute term is: [KY ~“ - NY ]=(Y*-yY , that is, 
n n n cr 
Ms 2 oa 4 + $3: 4 4 
N=+Ky?- «, arr \vy, {2 (x, 36 yy, big ewe (60) 
Therefore 
4 4 
& x ae ye «,* = Yor )¥ . § (x, ~ Yor ) 
4 4 3 2 : 
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ne = oe si ; per Nes 
sx eas G-) +¥,x]1- - r P Y x 
n cr n 
1 (¥/¥,,) : ae 
ha ee as (x | et ss AG) 
n 


sing the same letters employed in the paper, the Symbols: x, Y,, Y and Y/ Yn 
‘e substituted by: L, d, (d*h) or (ad + z) and X. Thus 


: ee oe ‘ oer ae 1 X-1 1 1 
—— — —— — Y 
L=dX+d]l = T Pp Y q 108 Xai 9 tan X |+k 
cr n n 
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Cc ae T ue 
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Eqs. 67a and 67b do not agree with their corresponding ones: Eqs. 2 and 4, ir 
the paper, which take the form: 


1 -1 geen a) -1 
(where: ~ 9 tan xX + re cot xX ) and 
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The distance L, between two cross sections, the depths at which are d + h ane 
dt z, is: 


and 


+ 
) can be obtained from f ae after substituting h for z. 
Eq. 70 is inagreement with its corresponding one Eq. 1, in the paper, whick 
refers to the (rising) backwater curves. . 


Eq. 71 corresponding to dropdown curves do not agree with Eq. 3, in the pa- 
per, which has the form: 


py |e (228) |e (@ eB Nhe hs eae ce a 


As mentioned before, the term f (3 ) must be multiplied by (d/s). 
2 


The term f - Ao seems, to the writer, to have no place here. It is toa} 
pear in Eqs. 2 and 4, and should take the form: 


d 
where i( q 
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unless C is constant such that C, = C, and unless the channel is rectangular 
that Ty = T,; at twosections having the totally different depths Ypy and Yer. 
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addition the rectangular cross section must be shallow, in which case the term 
Yer/Yn) is eliminated during the development of the formula. Here the ratio 
Tey/Py) can be equated to unity. 

It is only with these assumptions, which were cleverly adopted by Bresse, 
that the expression: 


2 3 


g T er oY 


Pv 


may reduce to {1 = 


2 
The term € - = may be used for parabolic channels, as recommended 


by Tolkmitt, assuming a constant coefficient C, but only for shallow parabolic 
sections where (Tes? Pn) may be equatedto unity. Such shallow parabolic chan- 
nels were defined by the aid of Eq.7 as those which have the ratio T/Y greater 
than 16 so that R may be 0.66Y. 

Moreover, (Ycr/Yn) Should equalunity which is satisfied only when the flow 
is Simultaneously critical and uniform, that is, when the bed slope is critical. 
As a consequence, (T,,/T,,.) will be unity when Yn = Yop. 

This limits the applicability of Eqs. 1 to 4 and Tables 1 and 2 to shallow 
parabolic channels laid with critical bed slopes, the fact being established that 
the equations and tables given in the paper are all correct, and that the dis- 
agreement between them and between the equations derived in this discussion 
is due to some error in the last ones, otherwise, the tables would have to be 
recomputed. 

The writer does notunderstand Mr. Goodrich’s statement that Bakhmeteff’s 
tables are sometimes not easily applied, and believes that these tables area 
z00d achievement. They can be applied to channels of any form and to cross 
sections of any proportions including the sections considered by Tolkmitt for 
which the paper was devoted. 

In addition, Bakhmeteff’s tables are suitable whether Cis assumed constant 
or variable. C is supposed to be a function of R and then tovary with the depth 
Y as shown, for instance, in Eqs. 5 and 6 which, by the way, correspond only to 
very wide shallow cross sections like, for example, rectangular ones in which: 


A TY TY 
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Another thing is worth mentioning. With a dropdown curve, the depth grad- 
ally dimishes, in the direction of flow, until it reaches the terminal depth Y; 
r d-h, at the end of the channel. Usually, it is not possible for the depth to at- 
ain a value less than Y; which, according to Dodge and Thompson, is less than 
2 of the critical depth Lope If, for a parabolic channel, Y,, is assumed, 


i 
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roughly, to be about 3/4 Yy, it becomes apparent that the minimum depth which 
may be encountered in a parabolic channel cannot be less than 0.5 Y_ and that 
the minimum value of X or Y{/Y, or (d-h)/d exceeds 0.50. The last pair of 
columns in Table 2 is thus redundant and can with no harm be omitted. 

Not only these two columns, but also a great part of the preceding pair of 
columns is to be dispenced with as well. The reason is simple. The equations 
and tables, in the paper are based on theassumption that hydrostatic conditions 
prevail. This is not satisfied when the flow experiences a sensible curvature. 
Such curvature is expected when the depth of flow approaches Yer. The tables 
are then not applicable for some distance before Yer and between Y,, and Yt 
at the end of the channel. 

When the tables are applied, the values of f (X) corresponding to values of 
X less than Ycey/Yn, that is, less than about 0.75 should be excluded. 

It is to be noted that the length of the surface curve should not be computed 
by means of one operation between the depths dandd7‘h, but withas many 
steps as possible, the required length being the sum of many short reaches. 


SERGE LELIAVSKY,38 F. ASCE.—The author has stated that “The formulas 
and tables by G. Tolkmitt were developed for channels of parabolic cross sec- 
tion and to the writer’s knowledge are only to be found in the German texts by 
that author.” 

This statement calls for correction, because the writer has presented 39 
Tolkmitt’s tables, for both the backwater and dropdown curves, together with a 
complete explanation of their use (all in English). 

The author states that “Since itappears that Tolkmitt’s tables may fill agap 
in the material available as anaid to the computation of backwater curves, and 
although admittedly the gap is not a serious one, they are submitted herewith.” 
Now, in view of the preceding correction, the paper may have lost some of its 
importance. The tables were originally published, in German, in 1898. 

The writer had an opportunity to compare this formula with other backwater 
curves, when, in his early days in the Egyptian Irrigation Projects Department 
(1921), he was asked to fit a curve to the records of five or six gages on the 
Nile, within the limits of the Esna Barrage Backwater. He used the formulas 
of Rihlmann, Bresse, and Tolkmitt, with the coefficients being adjusted in each 
computation in such a way as to obtain the minimum standard error. These 
minimum values were found to correspond to the Tolkmitt’s curve. ‘ 

The writer wishes to add that, in addition to these three well-known formu- 
las, he has also presented 39 the tables for backwater equations of various othe 
authors: Schaffernak, Ehrenberger, Baticle, and so on. On the other hand, Bakh- 
meteff’s and Mononobe’s formulas are given in the form of curves, which, the 


writer finds, are more convenient than the tables for carrying out the compu 
tations in this particular case. 


38 Hydr, and Struct, Engr., Maadi, Egypt. 


39 “Trrigation and Hydraulic Design,” Vol. I (first published 1955, second impressior 
1959), p. 450 to 456, 


9 Grundlagen der Wasserbaukunst, 1898, p, 113, 
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HOOD INLET FOR CLOSED CONDUIT SPILLWAYS* 
* 


Discussion by J. Ernest Flack, Harold W. Humphreys, and E. T. Smerdon, 
R. P. Beasley, and L. D. Meyer 


J. ERNEST FLACK, 15 A.M. ASCE.--The author’s contributions to design 
Culverts andclosed conduit spillways have been Significant. The design data 
lative to hood inlets should be of real value to those concerned with the design 
Small hydraulic structures. 

With regard to the formation of a vortex over the inlet of a submerged cul- 
srtand to methods of inhibiting this formation it is interesting to note the simi- 
rity between the results obtained by the author 16 and those found in an in- 
Stigation of box culvert inlets made at the Iowa Institute of Hydraulic Research 
me years ago. 

In the Iowa tests, studies were made of flow conditions at the entrance to a 
andard culvert. The inlethad wing walls at 45° from the centerline of the cul- 
rt and a sloping headwall that conformed to an embankment and extended all 
© way to the toe of the embankment. For square edged submerged entrances 
zone of separation formed just downstream from the crown. With the crown 
bmerged two downward curving patterns developed in the upper corners of 
= inlet. The pattern on the left side, looking downstream, turned counter- 
»ckwise and the pattern on the right side turned clockwise. If the water sur- 
2€ was above the top of the inlet a cross-flow developed over the top of the 
lvert. This circulation pattern combined with the curving pattern of flow that 
S rotating in the same direction to form a vortex. Generally, the counter- 
»ckwise vortex persisted and moved to the center of the inlet over the crown 
ere it drowned out the clockwise vortex. 

As the head increased, the area of the circulation pattern increased. At me- 
im and high heads, H/D = 1.5, where H is the head above the invert and D is 
height of the culvert, many of the vortices were intermittent. As the vor- 
‘gained strength the discharge was reduced because of air entrainment and 
‘headwater depth increased. A strong vortex was often drowned out, appar- 
ly by a combination of headwater surface fluctuations and large scale eddies 
the approaching flow. As the surface became calm, after a vortex was drowned 
, the circulation was re-established. At higher heads, H/D = 2, the air cavi- 
of the vortex was often disrupted near the culvert inlet. The vortex was then 
srmittent with quite long periods between formations of the vortex. At high 
ds vortices of opposite direction were observed circling arounda weak cen- 
l vortex. The core of the vortex, which had a high angular velocity, was of 


1 May, 1960, by Fred W. Blaisdell. 

LS Assist, Prof., Dept. of Civ, Engrg., Univ. of Colorado, Boulder, Colo. 

L6 “Improved Culvert Inlet Design,” by J. E. Flack, thesis presented to the State 
v. of Iowa, Iowa City, Iowa, in August, 1954, in partial fulfilment ofthe requirements 
the degree of Master of Science. : 
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relatively small diameter in all cases observed. The general circulation pat 
tern outside the central core moved at relatively slow velocities. 

The strength of the vortex did not appear todepend on separation atthe cul 
vert entrance. Strong vortices formed easily over well-rounded entrances wit 
culvert flowing full. The existence of a barrier of some type in the path of th 
circulation pattern did have a great ‘effect on strength of the vortex. 

The zone of separation, if an isolated air cavity, depended on the vortex t 
supply air to it. At small slopes with the culvert flowing fulldownstream fro! 
the separation zone, the air cavity would not form, the culvert flowing alter 
nately fulland part full. As the head was increased toquite high values the cul 
vert would prime itself when surface waves in the culvert touched the top of th 
culvert. 

From these observations the over-all development of an improved culve1 
inlet proceeded by investigating methods of reducing separation and suppres 
sing vortex action. The former could beaccomplished by using a well-rounde 
entrance and the latter by preventing cross-flow over the culvert entrance 
The triangular baffle aligned with the culvert was more effective than a head 
wall in suppressing vortex action because it served as a barrier to the cross 
flow. Because the headwall was tangent with this cross-flow it had to be ver 
wide to disrupt the circulation. 

It has been a general observation that vortices do not exhibit the same char 
acteristics in large scale structures as in small models. This may be becaus 
of the differing intensity of turbulence in the prototype than in the model or be 
cause in the prototype surface waves are more prevalent or because of the pres 
ence in the prototype of floating debris. All of these tend to inhibit the circu 
lation in the prototype. ; 

As a field of research it would be interesting to evaluate the scale effect ¢ 
vortices along with a comparison of the amount of air entrained and the per 
sistence of the vorticity in the culvert itself between model and prototype cul 
verts. " 

Intermittent flow, described by the author as a combination ofair and wate 
flow, is presumed to be predictable. However, tests on well rounded entrance 
indicate that generally this type of flow is least susceptible to model simula 
tion, 17 pecause the initial cause of separation has been eliminated at the en 
trance and the separation point moves downstream an indeterminate distance 
Such things as variation of the flow rate, a surface irregularity, or a vari 
degree of turbulence of the flow and, in the model, the influence of capillari 
and surface tension, will shift the point of separation upstream or downstrea: Yr 

If entrance velocities are small enough circulationand vortex action aren 
important. If larger anti-vortex devices are needed splitter walls work be 
because they are radial to the circulation. With very high entrance velocit 
such as when severe separation takes place, the poorest condition prevails bi 
prototype behavior is predictable. Z 

With the hooded inlet the effect of the baffle plate is to cut off the circulati 
above the entrance from the main entering flow. The entrance area is ereal 
enlarged and entering velocities are small. A laterally convergent inlet, wil 
of course, produce thesame results so that the velocity at the inlet vicinity w. 


not be sufficiently great to produce more than desultory circulation and vo ~ 
formation. 


17 “Hydraulics of Box Culverts,” by Donald E, Metzler and Rouse Hunter, Bulle 
38, Studies in Engineering, 1959, State University of Iowa, Iowa City, Iowa, 
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While it can be agreed that the Froude criterion for model and prototype 
during water flow only is valid and it may well be that during air-water flow 
the difference in headpool level due to dissimilarity in air flow quantities over 
that predicted by the model is relatively small when considering the prototype 
oerformance, nevertheless the irregular flow is undesirable. The head-dis- 
charge relationships at which mixed flow and alternately rising and falling head- 
29001 levels occur can not be predictedfrom models with well rounded entrances 
since the effects of surface tension and capillarity are not known. 

With the point of separation fixed and related to the entrance submergence 
1S it is in the hood inlet the air-water flow is predictable. Although the quan- 
ity of water discharge under such conditions is predictable the occurrence of 
ilternately rising and falling headwater on a larger scale in the prototype could 
ead to undesirable pulsations. 


HAROLD W. HUMPHREYS, !8 M. ASCE.—The author is to be commended 
or making this important contribution to the understanding of closed conduit 
spillway hydraulics. The paper should be of considerable value to the designer 
nh comprehending the complicated flow phenomena encountered in this type of 
spillway. . 

The Illinois State Water Survey (ISWS), Urbana, Illinois, has performed tests 
nm drop inlet closed conduit spillways that are pertinent tothis discussion. The 
pillway consists of a 3 in. dia (D) barrel on a 30% slope. The barrel is 100 
arrel diameters (100D) long, and the outlet discharges freely into the atmos- 
here. The drop inlets tested are five barrel diameters (5D) high and are cir- 
ular, square, and rectangular in plan. The transitions between the drop inlet 
nd the barrel have been well-rounded as well as square-edged. 

The 100D long barrel is of sufficient length to obtain a well established fric- 
ion grade line. This is a straight line obtained by the method of least squares 
or Six piezometers located along the barrel at10D intervals from stations 45D 
9 95D. Each piezometer station consists of four piezometers drilled at 90° 
itervals around the pipe periphery and connected to a common manifold. The 
iezometric heads for all six piezometer stations are obtained simultaneously 
y photographing a piezometer board. 

The ISWS spillway barrel is on a slope that is considerably steeper than the 
‘iction grade line. The barrel flows full without submerging the outlet, and the 
arrel pressure is sub-atmospheric along most of its length. Therefore, this 
pillway meets the author’s definition of a steep slope. The friction grade line 
nd the hydraulic grade line coincide for most of the barrel lengthalthough they 
iverge near the barrel entrance. The local deviation between the friction and 
ydraulic grade lines isknown as hp and has beenfully defined elsewhere. 19,20 

Typical values for the ISWS spillway of h, divided by barrel exit velocity 
2ad, hy,,are shown in Table 3for a crown piezometer located near the barrel 
itrance. The location of the piezometer was measured along the barrel crown 
om the intersection of the crown and the inside edge of the drop inlet. 


< 


(18 Head, Hydr. Research Section, [linois State Water Survey, Urbana, ql, 

19 “Hydraulic Fundamentals of Closed Conduit Spillways,” by Fred W. Blaisdell, Pro- 
sedings, ASCE, Vol. 79, Separate No, 354, November, 1953. ate! 

20 “Hydraulics of Closed Conduit Spillways, Part 1, Theory and Its Application,” by 


red W. Blaisdell, St. Anthony Falls Hydraulic Laboratory Technical Paper No. 12, Series 
ample caee Minn., January 1952, Revised February 1958, 
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Harris 21 has reported that h, canbe as lowas -1.27 hyp fora flush square- 
edged intake to a pipe. 

The drop inlet is geometrically quite different from the hood inlet, and the 
hy values reported in Table 3 should not be applied to a hood inlet spillway. They 
are presented to emphasize the fact thatfor closed conduit spillways on asteep 
Slope the negative barrel pressure, as computed by extending the straight part 
of the hydraulic grade line to the barrel entrance, is not necessarily the lowest 
pressure in the barrel. Cavitation near the barrel entrance is a definite pos- 
sibility. Therefore, computation of the local pressure should be included in the 
design to insure the elimination of cavitation. It is the writer’s feeling that 
hp/ hyp values for the hood inlet would be of considerable benefit to the designer. 

Eq. 6 is correctfor computing the spillway discharge for full pipe flow; how- 
ever, applying this equation is difficult without having some knowledge of the 
variation of 8. When the spillway operates under a relatively high head, 8 may 
be taken as 0.5 without incurring much error in computing the discharge, al- 
though the error becomes increasingly important as the operating head de- 
creases. French““ and Rueda-Briceno23 have reported results that should be 


TABLE 3,—VALUES OF hy/hyp FOR CROWN NEAR BARREL ENTRANCE 


Piezometer lo- 
cation 


(3) 


Drop inlet size Transition 


(4) 


hy,/hyp 


(2) 


24 4D/3 round well-rounded 

28 5D/3 round well-rounded +0,12 

65 1.5D square well-rounded +0.14 

78 1.75D square square-edged -0.36 

15 D x 4D rectang square-edged -0.86 
ular 

82 D x’ 2D rectang- square-edged -0.79 
ular 


helpful to the designer in selecting values of 8. A comparison of 8 values for 
the hood inlet with those of French and Rueda-Briceno should be interesting. © 

An experimental program that has as many phases as the hood inlet closed 
conduit spillway requires either a large number of personnel or very efficient 
test apparatus. The author states he has been conducting tests on closed con- 
duit spillways since 1941, and during this time he has undoubtedly devised tech- 
niques that would be helpful to others. The writer is of the opinion that a more 
detailed description of the experimental apparatus and procedure would be of 
considerable interest and benefit to other researchers. 


21 “Hydraulic Flow Characteristics of a Square-edged Intake,” by C, W. Harris, Bulk 
ee re 61, Univ, of Washington, Engineering Experiment Station, Seattle, Wash,, March 
’ . : 
22 «Second Progress Report on Hydraulics of Culverts, Pressure and Resistance 
Characteristics of a Model Pipe Culvert,” by John L. French, National Bureau of Stand- 
ards, U. 8. Dept. of Commerce, Washington, D. C., unpublished, October 29, 1956. 
23 “Pressure Conditions at the Outlet of a Pipe,” by Daniel Rueda-Briceno, thesis 
presented to the State University of Iowa, lowa City, Iowa in February, 1954, in partia 
fulfilment of the requirements for the degree of Master of Science 
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E. T. SMERDON,”* A. M. ASCE, R. P. BEASLEY,“ AND L. D. MEYER, 26_ 
This paper clearly indicated that modification of the inlet of culverts and tube 
Spillways can radically change the performance of such a structure. Similar 
work by the writers have produced results which point to the fact that some 
aspects of the hood inlet may be objectionable and unnecessary. For example, 
the anti-vortex wall described by Mr. Blaisdell will be large in prototype in- 
stallations and often require considerable structural bracing to prevent vibra- 
tions and mechanical damage. The fact that the simpler anti-vortex plate of 
Fig. 8 (f) works satisfactorily indicates that simpler devices for the control of 
vortices are possible. 

Recently, data were published concerning an inletfor closed conduits which 
gives vortex control without requiring anti-vortex plates or walls which extend 
eyond the conduit barrel.27 The inlet is shown in Fig. 18. This inlet, which 
S$ called the canopy inlet, primes at a low depth of submergence over the in- 
vert of the inlet giving increased capacity similar to that associated with the 
100d inlet. However, upon priming, there is a sudden change from weir flow to 
jipe flow with little or no so-called slug flow. Therefore, the outlet channel 
nust always be designed to handle that discharge which corresponds to pipe 
low for the particular installation. 


Fe es OE a ee 


FIG, 18.—CANOPY INLET FOR CLOSED CONDUITS, 


Mr. Blaisdell states that there seems to be noadvantage in using hood lengths 
reater than 3D/4. In the canopy inlet, (on which a special anti-vortex device 
3 not used), there is adefinite relationship between the tube slope andthe can- 
py length which is required for vortex control. As the tube slope increases 
1€ canopy length must also be increased to achieve satisfactory performance. 
he data in Fig. 7 indicate very severe reduction of capacity due to vortex ac- 
on. Although, the hood length and tube slope for these tests were not given, 
is very possible that the effect of these vortices would have been reduced if 
1e hood length had beenincreased. The writers tests showed that the tendency 
r vortices to form in the hood inlet without anti-vortex device was reduced 
y increasing the hood length. The modification given in Fig. 18 further re- 
iced vortex action, thus its desirability. ea, 

‘The writers realize that it may be hazardous to predict vortex actionin large 
-ototype installation from small scale model studies. Therefore, the canopy 
let tests included the field testing of a1 ft dia corrugated metal structure 


24 assoc, Prof. of Agric, Engrg., Texas A & M College, College Station, Tex. 

25 Prof, of Agric, Engrg., Univ. of Missouri, Columbia, Mo. 

26 Agric. Engr., ARS, USDA, Lafayette, Ind, : 
27 “Canopy Inlet for Closed Conduits,” by R. P. Beasley, L. D, Meyer,. and E, T. 
nerdon, Agricultural Engineering, Vol. 41, No. 4, April, 1960. 
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105 ft long. The invert of the outlet was 14.5 ft lower then the invert of the in- 
let. The angle and velocity of the approaching flow were varied in an attempt 
to create a condition favorable for intense vortex action. Some small discon- 
tinuous vortices were noticed with some of the flow conditions, but in no in- 
stance was the vortex large enough to cause any measurable reductionin the 
capacity of the structure. Therefore, the writers feel that the canopy inlet, 
which does not require aspecial anti-vortex wall,alsoshows promiseas an in- 
let for closed conduit structures, particularly agricultural. 

There is apparently aminor error in Eq. 14a. This equationas written does 
not correspond to the so-labelled line in Fig. 15. 
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UNIFORM WATER CONVEYANCE IN ALLUVIAL MATERIAL2 


Discussion by Gerald Lacey, Peter Ackers, G, Kalkanis, 
John F. Kennedy, T. Blench, and Claude Inglis 


GERALD LACEY.4—The authors’ figures and equations embrace a wide 
ange of channels of greatly varying characteristics. That so heterogeneous 

collection of data should on analysis show so close a resemblance in 
espect to exponents to those obtained from considerations of regime theory is 
deed remarkable. The authors’ equations, whatever may be advanced in 
espect of regime relationships, are patently empirical and useful on that 
ecount if used with discretion. 

The Bibliography (Appendix II), is significantly incomplete in respect to 
ome of the papers published earlier on stable channels and regime; the 
thors’ review of current methods of design and their comments on the 
nadequacy of regime methods” bear evidence that they have relied too im- 
icitly on commentators rather than on a close study of the original papers, 
e€ valuable discussions thereon, and the authors’ replies. 

For the record, the writer should explain that he was not, in 1927 “com- 
issioned by the Governments of England and India to systematize all data 
at had been collected,” nor was Laliavsky, a very recent commentator, 
rrect in stating that the writer was “officially instructed by the irrigation 
ithority by which he was employed to put some order into the mass of data 
ailable and produce if possible a standard design method.” 

The facts are that the post of Irrigation Research Officer having been 
‘eated, the writer was the first to fill it. His instructions were to collate all 
e literature and published data relevant to irrigation science then available. 
1e first task that he set himself was the analysis of all the authoritative 
draulic data to which he had access. It was at a later date, following the 
yvourable reception accorded his first published paper, that he was officially 
structed to prepare a “Technical Paper” for departmental use in the design 
irrigation channels. 

Figs. 1 and 2 would have been improved had they plotted the water surface 
dth, Ws, the mean depth, D,,, instead of the average width, W, and the 
eraged bed depth, D. Not only are the parameters Wg and Dy, much easier 

measure, but in all large channels, and in rivers in particular, they are 
nost identical with the wetted perimeter, P, and R, the hydraulic mean 
oth, respectively. 

Had this principle been adopted in plotting Fig. 1, the manner in which the 
lue of the hydraulic mean depth steadily approached the value of Dy, with 

‘rease in depth, would have become evident immediately. Clearly, the plot 
ist give an asymptotic curve. 


4 May, 1960, by D, B. Simons and M, L. Albertson, 
. Engr., London, England, 
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Similarly, if in Fig. 2 the water surface width had been plotted, instead o: 
the mean width, a better correlation could have been obtained. The straighi 
line plot is unconvincing. The plot should have been asymptotic and woulc 
have given an equally good fit. 

From the relationship 


A=PR=W,D,y 
we have R Ws 
Dip gps 
and both functions have a limiting value of unity. In Fig. 1 the authors should 
have drawn a smooth curve asymptotic to the line, R = 0.90 D. Similarly, in 
Fig. 2 a smooth curve should have been drawn asymptotic to the line, W 
= 0.90 Wg. 

These difficulties have arisen solely because the authors have adopted the 
Blench parameters of mean width and “averaged” depth. The writer considers 
the concept of a system of channels consisting of trapezoidal cross sections 
and constant side slopes somewhat illogical andprefersthe simpler and more 
rational system with a constant ratio of horizontal bed width to water surface 
width. The writer has, for the last five years, been designing irrigation 


TABLE 4,—VALUES OF W AND Wg 


Ws, computed 


Male By authors By writer 
(1) (2) (3) 
20.0 16.4 18.0 
100.0 90.0 90.0 
300.0 274.0 270.0 § 
500.0 458.0 450.0 


channels in Iraq with a ratio of bed width to water surface width of 0.80, that 
he based on his experience in India. The authors’ data, as plotted in Fig, 4; 
provides justification of a remarkable character for the adoption of this 
eminently practical procedure. It takes account of the well known principle 
of exaggeration in the vertical scale of small channels and provides a usefu 
working rule, be 

The writer’s equation is W = 0.90 Wg, and that of the authors’ W = 0.92 W. 
= 2.0. Table 4 shows the close agreementfor all mean widths exceeding 20 ft 

The writer’s formula, V = 16.0 R2/3 s1/3, that the authors have displayed 
in Figs, 7 and 8, is unusual asit contains no rugosity coefficient. The principle 
is that in any loose bedded natural channel, free either by deposition or scour 
to develop its own depth and Slope, the rugosity is implicit in the depth an 
the slope the channel demands. For this reason the equation is very usefu 
for determining the flood discharges of torrents with gravel, shingle, an 
boulder beds when no other means are available. One defect is that there i 
no factor involving the sediment ioad, that is almost invariably impracticab! 


to measure; nevertheless, the equation has been tested and used with success 
notably in New Zealand. 4 
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fo general equation can be derived directly from two equations of the 
writer: 


1.3458 R3/4 91/2 
ea alae oe Ree (31) 


V= 
and 
Di ODE Pha iis cas yeh ctsp| Mesays (32) 


and the authors’ Fig. 7 purports to show its agreement with the observed 
jata. This figure has defects for which the authors are in no way to blame, 


a 
n OO 


- 


Vaive= Ul Vv 


1 
0.0002 0.0004 0.001 0.002 0.0040.006 0.01 0.02 0.04 0.06 0.1 0.2 04 060.8 1 
Value of R2S 


FIG, 13 


ecause they copied it faithfully from Sir Claude Inglis’ work on the behavior 
nd control of rivers who had, inturn, relied on a 1930 work of the writer (28)3, 
‘he equation was first given by the writer in a 1930 discussion (26), and the 
ata was first plotted by the writer in 1934 (27). Fig. 13 is a reproduction of 
lis figure and deserves study. 

The defect of Fig. 7 is that it was an actual re-plot to a different scale of 
1e writer’s data. It will be noted that the vertical scale logarithmic of the 
gure is twice that of the horizontal scale, so that the visual scatter is 
Subled, this is not a matter of great moment, but, unfortunately, the figure 
mntains two highly discordant observations on the right hand side, Of these, 
e first was the mean of no less than 53 observations over a 25 mile length 
‘the Lower Bari Doab, the data being 


V R | sx103| R2s 
° 3.530 8.843 0.1223 0.00956 
tt the printer preferred to insert the figures 0.0956 in the last column, The 
citer’s observation, as plotted, is thus subject to an error of 1000% owing, 


3 y “at 
3 Numerals in parenthesis, thus (1), refer to corresponding items in the Supplemen- 


‘y Bibliography. 
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in the first instance, to a misprint, The second discordant plot is due to a 
like cause. 

The overall fit of the writer’s early general equation, as shown in Fig. 8, 
is very satisfactory. It would indicate that the depths and gradients as finally 
recorded were dictated by deposition of sediment by the channels and not by 
the engineer. It must also be remembered that with this equation the rough- 
ness coefficient is implicit and the missing variable is the sediment charge, 
The correct general equation is probably of the form 


V = const. RL/2 (Ri/2 s)2 Se. ee eee (33) 


the value of n being 0.50 for very fine sediment, 0.333 for medium sand, and 
less for the coarse non-cohesive material, An analysis on these lines might 
be worth while. The Imperial Valley canal data clearly show, as the authors 
have emphasised, that for a given value of R2 § the mean velocity Visa 
function of the charge. In terms of the Inglis- Lacey equations, the expression 
would be 


V = const. X!/6 R2/3 g1/3 


in which X is the charge in parts per million. 

The scatter in the Blench diagram, Fig. 9, is rather great, and the con- 
tention by the authors a the exponents in the upper range could be replaced 
by constant values of V2/(g D §) is justified. It would certainly be interesting 
to attempt, for the same data, an evaluation of the function 


(R s)1/2 ‘ 


this would give a value of n of 1/6 for the Manning rigid boundary eqiaue 
For a moving boundary, the value is 1/4. 

The authors’ review of the writer’s 1930 equations is incomplete and does 
not contain the slope equation that he presented in his reply to the discussion, 
Eq. 8 is inaccurate, as it assumes that the Manning equation is applicable to 
a moving bed, andin Eq. 7 the power of f should be 2 and not unity. It is evident 
that they have not studied Etcheverry’s admirable presentation in his work 
on Land Drainage (32), first published in 1931. Particular attention is drawn 
to his appreciation that the channel should be “formed in its own silt.” 

The authors state that the Punjab Irrigation Research Institute equations 
represent years of painstaking and statistical analysis of data. Table 5 com= 
pares the writer’s early equations with those of the Institute. It must be 
borne in mind that the writer’s equations covered sediment of a very wids 
range of fineness, but they were derived in part from Kennedy’s researc es 
in the Punjab, and Kennedy channels asa standard of reference were assigned 
by the writer a silt factor, f, of unity. 4 

In the Research Institute equation for the slope, m indicates the diameter 
of the bed sand particle in millimetres. In his paper the writer had suggest Je 
that the factor f varied as the square root of the diameter of the particle; 
this would transform f in his equationto m- .833 | as compared with the Institut 
value of m- 

The defect of the early equations is that they contained no coefficient fo 
the charge. This affects the width as well as the other relationships. Within 
any given canal system, the charge is however tolerably constant. The secone 
defect is that, so far as the cross section is concerned, width and depth ar 
preferable to wetted perimeter and hydraulic mean depth. 
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In these channels the discharges remained practically constant as do the 
“ade of bed sediment and the charge. The channels were self-formed with 
sd and berms of the same material as that transported. Modern regime 
eory postulates that in such circumstances 


W = const. Ql/2 


Heres ee. eee (36) 
Recast Oe ee Ek (37) 

om which two equations (and only two are needed) 
Wr BOGE 6 Ate ss Siece c s (38) 


dicating a constant Froude number. Further, since the increase in the slope 


TABLE 5.—COMPARATIVE TABLE 


Institute 
(3) 


Vv 1.17 f1/2 R1/2 1.11 R1/2 
P 2.67 Ql/2 2.80 Ql/2 
R 0.47 (Q/f1/3 0.47 Q1/3 
S x 102 0.55 £5/3 2.09 m.86 
Qi/6 q-2l 


the smaller channels is none other than the exaggeration in the vertical 
le we are led to the ineluctable conclusion that 


const 


Dd 
WwW = const. S = Qi/é Gi louer omaha ms wie eter iemre nee (39) 


In his latest paper (30) the writer has suggested that the slope equation 
uires modification in small channels in which the incidence of the sides 
destroying energy is highest. The equations as stated are, however, the 
is of all modern regime theory. Leopold and Maddock have demonstrated 
| Sandy bedded river systems exhibit a relation between the discharge and 
width consonant with regime theory. A manifest difficulty with flashy 
srs is the selection of a discharge as a basis of reference, In any one 
hy system, if the flood frequency is the same throughout, the average 
ual discharges are possibly the best compromise, For a great river like 
Mississippi, in the lower part bank, full stage is the best criterion. 
n all river systems with sandy beds, the sand is in general finer the 
her one proceeds from the source, that is, the greater the discharge. If, 
1, One considers the equation 


D= const. ee RTS Seta ee (40) 


3 : 
tle reflection will show that the power of Q in any such river system shoul 
greater than 1/3. The average power of Leopold and Maddock is 0,40. 


} 
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It would be rather naive, and “fallacious,” as Leopold and Maddock hav 
stated, to take observations of any river at one site and expect the widths t 
vary as the square root of the discharge; the fact that they do not so vary ha 
been mistakenly advanced by Leliavsky as proofthat the square root relation 
ship is illusory. 

Sir Claude Inglis recently made a great advance by the introduction c 
charge into regime relationships. The writer would however plead, whe 
accused of ignoring charge, that as early as 1936 he agreed (31) that on th 
Imperial Valley canals “the fine heavy silt charge demands a velocity of th 
same order as that demanded by a smaller charge of coarse silt in India. 

If we consider the equations for the Miami River system that Pettis pro 
duced, to which the authors’ obliquely refer, and of which Leliavsky make 
use, we must remember that they are not comparable to basic regime equa 
tions. There is no evidence of constancy in the grade of material transporte 
or in the charge; the description of the Miami bed material at Dayton an 
Hamilton, clay sand and gravel, bed and greater part sides gravel sand an 
clay, as given in the Miami Conservancy Report, suggest that the bed is nc 
of loose material, and that there might be a considerable difference betwee 
silting and scouring velocities, as Pettis (no adverse critic of regime theory 
suggested. Leliavsky, however, states boldly that any attempt to widen th 


TABLE 6,-COMPARATIVE TABLE, MIAMI RIVER SYSTEM AND REGIME EQUATIO} 


Pettis Miami River Writer regime 
(2) (3) 
2 


Function 
(1) 


Leliavsky’s version 


(4) 


Vv 0.8 (q £2)1/6 0,80 Ql/6 
Vv 1,17 f1/2 pl/2 Omitted by 
Leliavsky 


2.67 Q:9 2.67 Q-90 


; 
od 


range of application of the writers exponents (that, incidentally, are thos 
also of Sir Claude Inglis and Blench) is a failure. Of this, Leliavsky is per 
suaded because “the Pettis exponents,” for a river system the writer mi 
interpolate,” are quite different.” Why indeed should they not be since t 
differences in the exponents as Leopold and Maddock have shown betray th 
character of the river? Table 6 shows part of the comparative table given k 
Leliavsky, bearing in mind that only two equations are required. Note th 
somewhat extraordinary omission by Leliavsky of the silt, or sediment fac 
tor, f. 
Leliavsky makes no comment on the fact that the Pettis equations for 
river system are tolerable confirmation of the width-discharge relatio ri 
Also, because Leliavsky omitted the silt factor, f, the fact that a systemat 
vaciatiod within the river system might account for a change in the expone! 
is not immediately apparent in the table presented by him. ‘ 
The Pettis equation for the velocity, in terms of the hydraulic mean dep 
deserves examination on its own merits for it indicates that 3 
2 
v = const. RI/3 |, 
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iat suggests that as one proceeds down this river the grade becomes coarser, 
r else there is an increase in bed load. 

Leliavsky states that the application of regime theory to the design of 
hannels is confined to India alone, is not accepted for practical application 
y canal designers in America, or in European countries such as Italy and 
pain in which irrigation is practiced on a large scale; he states that the 
ame is also the case with Egyptian, Russian, South African, and Australian 
esigners, The authors state that, although popular in India, regime theory 
aS never been extensively used anywhere else in the world. The writer 
ontends that use, or refusal to use, is not a test of validity. So far as the 
nited States is concerned, lack of use arises in part from lack of under- 
anding of what regime theory really implies and to the limited field of 
plication, other than the control of great rivers. 

As to the comments of Leliavsky, the writer has yet to learn that great 
2w irrigation canals remain to be constructed in Italy or Spain. In India, 
akistan, Burma, Iraq, and the Soudan practical use is made of regime theory. 

As to Russia, Leliavsky is in error, Girshkan, in a recent paper (33) de- 
ribing problems arising in the design of irrigation systems and the empirical 
ethods used, commented: 


“It should be pointed out that by solving the mutually known generalizing 
functions of G. Lacey which he suggested for stable channels in alluvium 
and taking into account some of his remarks on depositing particles, 
rectilinearity of sections, channels, etc., we shall have for depth of flow, 
wetted perimeter, wetted cross-section and width of the canal expres- 
Sions very close to those cited.” 


Similarly, Sharov in his treatise on the operation of hydraulic working 
stems (34), states that the coefficient of roughness of a canal is given in 
etric units by the equation 

NR / 42 vie es aneiry stele (42) 


Vv 
at is identical to what the writer suggested 30 yr ago. Further, Sharov when 
nsidering permissible seepage losses in canals in cumecs per kilometre 
pressed as a percentage, gives a table for the equation 


bass Riise eR eee (43) 
There is, thus, no doubt of ite Ueatitea use of regime theory so far as 
Ssian workers are concerned. As to the validity of the basic regime ex- 
1ents, time has gone far to confirm rather than refute them. It must be 
ulized that regime theory is a new science, and for those who have devoted 
lifetime to it, there is the comfort that it offers as many pitfalls to its 
tics as it does to its exponents—exponents in the sense of those who ex- 
ind the theory, and not those of the Leliavsky type. 
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PETER ACKERS.°—The authors have made a very useful examination 0: 
all data available to them on the stable dimensions of alluvial canals that is 
critical and unbiased, yet makes no attempt at providing theoretical bases 
for the empirical equations that result. The study is thus of particular value 
to the engineer faced with the task of alluvial channel design, for it provides 
him with general corroboration of the regime concept of the ‘Indian’ school 
with additional coefficient data to suit other types of channel. The first of the 
three objectives of the authors’ research has thus been very satisfactory 
achieved, though our understanding of the fundamental physical aspects ¢ 
the subject is not materially improved, 

The writer prefers the expression ‘regime concept’ to the more generally 
used phrase ‘regime theory,’ for, although attempts have been made to provide 
the empirical equations for stable channels with a scientific background, they 
still remain essentially experimental in character. The existence of preferrec 
channels dimensions for a given discharge and charge, in a given material 
has been established in nature, but no completely satisfactory theoretica 
basis for the form of these relationships between the geometrical parameters 
and discharge has yet been propounded. This remains one of the most vexec 
problems in free-boundary hydraulics, so that the word ‘theory’ is rathe 
a misnomer at the present time. 

In their historical review of the development of the regime concept, 
authors do not mention the significant recent developments by White (35), (36)* 
Inglis (37),(38), on Lacey (39), introducing the sediment charge as an inde. 
pendent variable. Unfortunately, the experimental data in support of the for 
of their proposed ‘charge’ equations has not yet been published. Furthermore 
these recent equations are not specific, because coefficient values have ne ve 
been stated, and this detracts from their value. Lacey’s most recent gro p 


° Principal Scientific Officer, Hydr, Research Sta., Wallingford, Berkshire, Engla 
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primary equations is as follows: 


1 
2 
2a RS 
Ve 1 RR SR RIE AE een ee (44) 
d2 
3 1 
Vv ES 
ic eae o3/2 d2 MRS eas) teh ie ecteMavsaiew as cs hate ie (45) 
Hh 
and 
1 
2 pom 
Vv 2 
(© ER De PSA Nea I Pn als Rf (46) 
& Di 


34 
n which D,, = A/Wy, and I= X V,/(y g)? with X = sediment charge and Vs 
- terminal velocity of transported solids. Lacey now uses mean depth and 
vater surface width in place of his original choice of hydraulic mean depth 
ind wetted perimeter as significant parameters. Moreover, comparing Eq. 46 
vith Lacey’s original 


Vics Ov dE sa seapebsne caer rere ie (47) 


n which f ~ 8d (d in inches) it is seen that the median particle diameter no 
onger occurs explicitly in the basic relationship, being replaced by X Vg. 
iq. 46 will be recognized as implying a constant Froude number for a canal 
ystem ina given material with uniform silt load. This is consistent with the 
uthors’ statement that “if a channel is to be stable... the Froude number 
. . must in most cases be less than 0.3 for alluvial material in the sand- 
ize range and finer.” 

The writer has been in charge of a basic investigation into the dimensions 
f stable channels by experiments on ‘model’ canals, at the United Kingdom’s 
ydraulics Research Station. Tests so far made in sand of 0.16 mm median 
iameter at discharges from 1 to 5 cusecs confirm that V/ x g Dm) must lie 
etween 0.27 and 0.33 for stability with an active sandy bed. Also confirmed 
3 the authors’ top limit of about 500 ppm for the transport rate in such chan- 
els. In the writers experience, at about 150 ppm minor shoaling begins that 
lay lead to bank erosion, followed by meandering as the charge increases 
irther. These high charges also cause an increase in Fy, though from re- 
ilts obtained to date the dependence on concentration does not appear to be 
) marked as Eq. 46 would predict. The authors’ opinion would be welcomed 
3 to why the Froude number should prove to be constant in canals of a given 
laracter, It is by no means obvious why the ratio of dynamic to gravitational 
rees in the fluid should be pre-determined in a free-boundary channel, as 
is has been demonstrated in both field and laboratory. 

It is of interest to note that the data obtained at Wallingford for small 
reams are in general conformity with the authors’ graphs. For example, 
ir plot of R against Q has a slope of about 0.40, close to the recommended 
ponent of 0.36, passing through Q = 5 cusecs, R = 0.52 ft. The authors’ line 
_ for “sand bed and banks” is generally consistent with the trend of the 


i 
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Wallingford data, although point 16 and point 17 extracted from Simons and 
Bender for comparable bed material lie appreciably above this line. However, 
these sections probably had some bank cohesion, permitting greater depth. 
Our P versus Q plot would pass through Q = 5 cusecs, P = 7.7 ft, with a slope 
of about 0.45 compared with the authors’ exponent of 0.512; it thus seems that 
the P-Q graphs may curve slightly away from the simple exponential law at 
low discharges. The relationship of AtoQ, and by implication V to Q, obtained 
in the Wallingford tests, is in close agreement with the basic equation the 
authors recommend; A = 1.076 Q0.873, lying generally some 10% low. Q = 5 
cusecs A = 3.9 cusecs). 

The authors, considering the apparent influence of sediment concentration 
on width, conclude from Fig. 3 that, “asa fine sediment load of the type found 
in the Imperial canals decreases, the stable wetted perimeter, P, and conse- 
quently stable width, W, decreases.” The Imperial Canal data included in this 
diagram do show this trend, the points for high concentration lying above the 
mean line and those for low concentrations lying below it. However, the Im- 
perial Canal data as a whole lie below the Punjab and Sind graphs. The high 
concentrations in the former system are apparently carried with lower canal 
widths than the low concentrations of the latter systems, discharges being 
equal, Is there any explanation of this apparent anomaly? 

The comparisons of data with the regime equations for slope are charac- 
terised by greater scatter than is shown by the other geometric relationships 
that, as the authors suggest, may result from the difficulty of measuring 
small slopes in the field. Nevertheless, itis interesting to note that they were 
able to confirm the general validity of the Lacey equation, admittedly with 
some uncertainty, at the large-canal end of plot; but, they had to modify the 
Blench exponent from 0.25 to 0.37 to achieve a reasonable fit to his form of 
slope equation, Blench has supported the expression of V2/(g D S) as a func- 
tion of V W/? by analogy with the usual friction factor/Reynolds number plot 
that for smooth pipes within a limited Rg range has an exponent of 0.25. The 
authors’ data, thus, do not appear to support the arguments put forward by 
Blench concerning the physical significance of his equations. Lacey’s inspired 
empiricism is proved adequate for design purposes. . 

The comparison of stable channel data on the basis of tractive force is 
highly illuminating. Fig. 11 is of interest, not so much in what it proves but 
in what it fails to prove. Surprisingly, itdoes not give support to the reasonable 
contention that there is a unique relationship between allowable tractive 
force and grade of bed material. The plot of field data shows a strong cor- 
relation with discharge, so that the tractive force in small stable channels 
is much less than that existing in large canals. The variation is, for example, 
from 0.025 psf at 146 cusecs up to 0.075 psf at 5676 cusecs in canals with 0.3 
mm bed material. It follows then that mean overall boundary shear is not, by 
itself, an adequate criterion for channel stability. 

A little algebraic manipulation will also show that the original regime 
equations were not consistent with the concept of a limiting boundary sh 
depending solely on bed material size, as follows: 


, 
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Hence, boundary shear, ¥ R S # constant. Yet, when the exponents as 
1odified by the authors are used in the analysis; 


ECS TRI it ai ai i et (49a) 
0.36 
MEM) BE coNS clots Sek rahe (49b) 
lerefore 0.87 
it ae eee geet (49c) 
id 0.1 ) 
MO eRe ee ee ee (49a) 
at 
a eat | 
BEE Rory Boer, 6a EES (49e) 
erefore R?-30 g0-33 SMeEDUStant 2. tn. (49f) 


Hence, boundary shear, ¥ R S ~ constant, but the Froude (Boussinesq) 
imber, V/V(R g) should vary. Again, there is a conflict of evidence. It is ex- 
cted that the authors’ exponents in the R-Q and P-Q equations, coupled with 
eir confirmation of the Lacey slope equation, would yield the sought-after 
ik with the boundary shear concept. Yet, unexpectedly, Fig. 11 does not 
Ovide adequate confirmation of this deduction. 

A further interesting feature about Fig. 11 is that the groups of canals, 
thin themselves, show a definite trend towards a coarser graded bed in the 
rge members than in their smaller progeny, reflecting the natural tendency 
> the coarse material to settle early in the system. It follows, therefore, 
it the basic regime equations for canals recommended by the authors include 

a hidden parameter the natural variation of d with Q, and, if this effect 
uld be separated, the exponents of the main equations for a constant grade 
bed material must differ somewhat from those normally quoted. This may 
dlain the departure of the authors’ equations from the primary relationship, 
tis, V2/R or(V2/Dy, is constant for a givenbed material. 

The authors have performedavery useful service in making this exhaustive 
amination of stable channel data, confirming the soundness of the regime 
wept, and providing new coefficient values extending the utility of the 
ginal Indian equations. Confirmation of the latest developments incorpor- 
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ating the sediment concentration is still awaited, however, although, becaus 
of the uncertainty inherent in field measurements of sediment load and th 
narrow band of variation in some canal systems, such support from field dat 
may not be readily obtained. Laboratory experiments such as those now i 
hand in Wallingford may provide some guidance, but it is to be hoped tha 
those with access to field data will bear this important aspect of the subjec 
in mind. 
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G. KALKANIS,® M. ASCE.—Hydraulic engineers may be divided into three 
main groups in their attitude towards the Indian or Regime Theory. First 
are those who believe that the theory has a general and universal applicatior 
to the design of stable channels; second are those who do not question thi 
validity of the theory, as long as the basic assumptions made in its derivatio: 
are satisfied; finally there are those who dismiss it altogether because the: 
think that it does not offer sufficient evidence of successful application i 
places other than India. This paper presumably aims to create a movemet 
from the third group to the second and, if possible, from the second to th 
first. Numerous canals in the United States were investigated, and the dat: 
obtained from measurement after being properly analyzed showed to be ii 
good agreement with those of the Punjab Canals. a 

The authors should be congratulated for presenting their material in suel 
a clear and convincing way; one may be confident that few individuals wil 
remain in the third group after reading the article. However, the writer be: 
lieves that the authors were not equally successful with the second grou 
The purpose of this paper is not todiscuss the merits or the drawbacks of th 
regime theory, for it is hoped that that subject has been exhausted. This ré 
view will be confined to some aspects of the study presented by the author: 

The writer believes that establishing the Froude’s number as a criteri 
of stability was unfortunate for at least two reasons. 

1. It contradicts the implication advanced by the article that the regin 
theory and the tractive force theory are practically equivalent. This can! 
shown by using the Froude’s number as a criterion of stability together w 


6 Hydr, Engr., U.S.D.A., S.C.S., Berkeley, Calif, 
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one of the friction formulas, such as Eq. 27. Two channels having the same 
bank and bed material will both be stable as long as the flows in both have the 
Same Froude’s number 


a Te D, NS Dac eae UNS Gee. Cee 
But from Eq. 27 Vi 
cae ie 
So 7 eae Spee eae CRE Les ee ee (51) 
2 1 Gr 1/2 
ee 
g Dy 
(Substitute R for D because their relationship is linear according to Fig. 1), 
Therefore 172 
Ty YaRy 8] Gey (ep) 
Sees ey Sea Sar OE ee ee 52 


However, according to the tractive force theory, the two channels should have 
equal tractive stresses or Ty = To. 

2. It contradicts the statement that the three equations of the Regime 
theory constitute a complete system having a unique solution, If the preceding 
statement is correct any additional relationship between the basic parameters 
make the system overdetermined. The resulting inconsistencies invalidate 
he theory. Tobe more specific, the writer computed the values of the Froude’s 
umber for the twenty-four Simons and Bender channels listed in Table 3. 
t was found that in only two cases the value was higher than .21 with a mixi- 
num 0.25. The remaining had an average of 0.18 with a minimum of 0.105. 
This means that the designer, when faced with an actual problem, does not 
now what to use as a criterion of stability. If for instance, we were called 
0 design channel 13 of Table 3 by following the authors procedure and using 
he recommended graphs, we should come out with a channel having exactly 
he same geometry as the existing one. However, the Froude’s number of this 
hannel is only 0.192. The question arises as to whether the channel is over- 
lesigned. In other words, could it be possible to accommodate the flow in a 
maller channel that still would be stable? The answer is yes, because as long 
s the Froude’s number is less than 0.3 no scour occurs, In order to reduce 
he cost, we decided to use a smaller channel. The writer believes that the 
1odified design will not fit the recommended graphs as well as they do the 
unjab canals. This means that the graphs were based on data that probably 
epresented conditions of various degrees of stability. 

‘The authors claim that there is some lack of understanding of the Regime 
leory in the United States. This is not entirely true, for the theory in itself 
3 extremely simple, The majority of professional people are solidly grouped 
1 the second group because they are not convinced that channels designed 
ecording to the theory are close to the state of incipient instability. The 
ict is that after outlining the theory once more and after pointing all its 
lerits, the authors in their conclusion recognized this limitation, and im- 
licitly, they joined ranks with the majority. 

The successful design of a stable channel, with the help of the tractive 
(a theory, depends to a great extent, on the accurate evaluation of the 
¥ 
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TABLE 7,—SIMONS BENDER CANALS 
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* The method used in the computation is described in “The Bed-Load Function fo 
tin No. 1026, U.S.D.A., SCS, September, 1950, 


tractive forces. Under the well controlled conditions of laboratory work, the 
degree of accuracy is rather high so that regardless of method the computed 
values of the tractive forces are about the same. It is very interesting to see 
that in the prototype the values differ considerably depending on the method 
used, 

The authors deserve high praise for the realistic presentation of this 
phase of the problem of channel friction. They show in Fig. 10 the distributio 
of the shear stresses along the perimeter as it has been obtained by four 
different methods. The first method is based only on velocity measurements, 
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COMPUTATION OF BED-LOAD® 
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ediment Transportation in Open Channel Flows,” by H. A. Einstein, Technical Bulle- 


whereas the other three make use of the computed energy gradient. Evidently, 
the presence of material in suspension is not the cause of the difference 
between the first and the other three methods. According to results of many 
investigations, the tendency for k is to become smaller, making the values of 
the shear stresses even smaller. The fact that the velocities were measured 
along the vertical, and not perpendicular to the boundary, ordinarily would 
not account for so much difference. The only reasonable explanation is the 
one given by the authors that attributes the low values obtained by the first 
method to secondary currents. 
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Sufficient evidence has not been furnished in support of the statement that 
....“two theories are currently recognized because of their superiority over 
other available existing methods used to approximate the design of stable 
channels.” On the contrary, the authors emphasize the fact that both theories 
may be used successfully, only in the case of clear or practically clear water 
flows. The fact that certain canals are used to supply clear water, as in the 
case of power canals, does not necessarily imply that the entire length of the 
canal should be designed for clear water flows. The decision about the most 
efficient location for taking the sediment out of the channel should be made in 
connection with other criteria suchas comparative cost, Therefore, the writer 
believes that other theories, that do not restrict the design to clear water 
conditions only, are equally satisfactory as the ones preferred by the authors. 


400 


300 


Og MEASURED 
pe) 
o) 
) 


100 


O, CALCULATED 


FIG, 14,—MEASURED VERSUS COMPUTED BED-LOAD IN TONS PER DAY 


The reader would be more easily convinced if some of the other theories were 
tried and proven inadequate. In order to satisfy his curiosity, the writer tried 
Einstein’s bed-load function on the twenty-four Simons and Bender Canals 
With reference to Table 3 and to the writer’s Table 7, the difference between 
the amount of total load and suspended load was assumed to represent the 
amount of bed-load. In eleven of the canals the total load was not given, and in 
the other two it was smaller than the suspended load, Therefore, the comp 
tations were carried out only on the remaining eleven, The computed values 
of the bed-load in tons per day are listed on Table 7. Channel 20 was omitt 2c 
because of the cohesive material forming the bed and banks for which the 
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yed-load function has no application. The computed values of the other ten 
thannels were plotted on Fig. 14 against the corresponding values measured 
yy the authors. 

Six of them seem to check very well, two fairly well, whereas the remaining 
wo behave poorly. It is possible that the measured values of the bed-load of 
hannel 4 were rather large. For this size of bed material (0.1 mm), the 
istinction between suspended and bed-load is not so easy. Moreover, one 
yould expect the suspension load to be severaltimes larger than the bed-load 
or such material. As far as channel 19 is concerned, no reasonable explana- 
ion for its erratic behavior was possible. If this channel is not the same as 
hannel 1, at least it has the same hydraulic characteristics. It is surprising 
hat the measured bed-load is so much different in the two channels. Maybe 
ne authors are in a better positionto offer the real reason for such behavior. 

The intention of this discussion was not to criticize the work of Messrs. 
imons and Albertson, for the writer believes that their work is of the highest 
uality. It is merely to point out that, due to the complexity of the problem, 
onclusions should be reached with caution. 


JOHN F. KENNEDY, ¢ M. ASCE.—The authors have observed that if a 
V 
i h oud f the fl ie st be less 
hannel is to be stable the Froude number of the flow, ean mu 


ian 0.3. This requirement is apparently necessary to prevent the formation 
f stationary and translational waves which can cause detrimental scour of 
oth the bed and banks ofa channel. This type of instability has been discussed 
reviously by the senior author (40). In the past decade several significant 
apers have been published which reported the results of theoretical and ex- 
erimental studies of the mechanics of stationary waves in open channels and 
leir formation. The purpose of this discussion is to summarize briefly the 
srtinent results of three of these investigations and examine the authors’ 
riterion in light of them. 

Several investigators have observed stationary waves in open channels at 
Mth subcritical and supercritical velocities (41), (42), (43). In 1954 T. Brooke 
enjamin and M. J. Lighthill (44) presented the first comprehensive study of 
aves in running water in which they showed that a train of cnoidal waves 
ong waves of finite amplitude) is uniquely determined by the discharge, total 
sad, and horizontal momentum flux of the flow. They did not prove explicitly 
at these quantities also determine a train of short gravity waves uniquely, 
it concluded that this is probably the case. In this paper they also presented 
new derivation of cnoidal wave theory which clarified the physical signifi- 
nce of the different terms of the governing differential equation. 

In 1955, Binnie, Davies, and Orkney (45) published the results of a model 
udy of a channel to be used for experiments on ship models. In such a chan- 
1 it is important that the flow be uniform in depth and free from gravity 
wes. Several different channel entrance configurations were used on the 
odel channel, and in some runs a weir was placed at the channel exit to 
ntrol the depth of flow. It was found impossible to prevent the formation of 
avity waves for Froude numbers greater than 0.5 and less than about 1.3. 
‘om an approximate relation due to Kelvin the investigators concluded that 
2 surface should be relatively free from gravity waves at Froude number 
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less than about 0.6, which agrees fairly well with their observations. McCowan 
(46) has shown that the limiting form of the cnoidal wave, the solitary wave of 
J. Scott Russel, cannot occur at Froude numbers greater than 1.25. This value 
is close to the observed value of Froude number, F = 1.3, above which no 
gravity waves occurred, 

A more complete explanation of the waves observed at subcritical veloci- 
ties by Binnie, Davies, and Orkney was given by Benjamin (47) in 1956. Using 
the formulation of cnoidal wave theory developed by Benjamin and Lighthill 
(44) he showed that in a subcritical flow with a Froude number larger than 
some limiting value (not determined) it is impossible to produce a uniform 
stream unless the stream is absolutely uniform on entrance to the channel, 
In practice this condition is impossible to achieve. The experiments of Binnie, 
Davies, and Orkney indicate that this lower limiting value of Froude number 
is F = 0.5 for flows under practically ideal conditions. 

In channels, translational waves probably cause at least as much detrimental 
scour as stationary waves, Banks are particularly subject to scour caused by 
the rise and fall of the water surface accompanying translational waves. Such 
waves are generated by quasi-steady disturbances, such as wind forces, and 
transients in the operation of the canal. Since the character of translational 
waves depends primarily on the nature of the disturbing forces, it does not 
appear possible to give a criterion for their prevention in terms of only the 
depth and velocity of flow. In fact detrimental scour could be caused by such 
waves even if the water were not flowing. 

The wave investigations briefly discussed here indicate that the authors’ 
requirement for the prevention of stationary waves, Froude number less than 
0.3, is adequate. The limiting value observed by Binnie, Davies, and Orkney, 
F = 0.5, should not be approached under-field conditions because of the large 
number of disturbances such as channel bends, contractions, diversions, and 
wind forces which tend to induce gravity waves. ’ 
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1a BLENCH, 8 F, ASCE.—The writer congratulates the authors on their 
collection of regime data of U. S. canals, their presentation of other U. S. 
data, and their use of regime theory parameters to compare the results with 
a Sample from an Indian canal system. Such work draws attention to the num- 
ber of unmeasureable or doubtful variables producing regime in practice but, 
even for the very complex case of rivers (16), shows clearly the existence 
of simple laws of transport, erosion and resistance that would apply exactly 
to ideal cases. The authors, like Sir Claude Inglis (12) prefer to use “best 
fit” indices for practical problems. Lacey and the writer (48) prefer to use 
formulas that seem to express simple natural laws exactly, so retain the 
same simple indices for all cases and cover practical complications by co- 
efficients only. The writer believes that both outlooks have advantages, es- 
oecially when the former is adopted in full knowledge of the existence of the 
latter and its basic value. 

Unfortunately, the economic impossibility of publishing new specialised 
nformation in North America so that it will reach a large public rapidly and 
n considerable detail has resulted in the authors being unaware of the major 
idditions to regime theory since 1951. This does not detract from their valu- 
ible work, but it has caused considerable inadvertent misrepresentation of 
what regime theory can now do and what the writer has been alleged to advo- 
vate. For example the statement under “SUMMARY AND CONCLUSIONS” 
hat “the range of conditions to which this (regime) theory applies has been 
xXpanded as a result of this study ....” is incorrect, since regime theory 
ready covers the range as has been fully explained and published in 1957 
48), will appear in the second edition of a British Civil Engineering Refer- 
nce Book (49) as the rewrite of the corresponding chapter in the first edition 
f 1951, and has been expounded in various papers since 1951 (52), (53), (55), 
96), (57), (59). Obviously a clarification of events since 1951 is needed and, 
s the writer feels no disagreement with the way the authors have handled the 
acts at their disposal, he will attempt it in a form that must be very con- 
ensed since the subject as a whole requires book-length treatment, The writer 
3 content to leave the readers and the authors to use it in the context of this 
aluable paper. 

First, for regime references before 1952, reference (3), privately pub- 
Shed, is out of print; the equivalent material is readily available in the first 
dition of reference (49), on pp. 1026-1070. The symbolism of reference (49) 
3 that of the authors’ paper but was altered to standard ASCE nomenclature 
1 reference (5), which should preferably read Trans, 117, 1952, pp. 383 et 
2q.; a slight further amendment has been used consistently in all publications 
nee, 

Second, references since 1952 are best introduced while explaining physical 
ssentials of regime theory in order of development so that they confirm, 
odify or amplify points raised in the paper. 

The original Lacey equations were based on the data of self-adjusted canals 
wing the properties (a) bed-load charge so small that it could not affect the 
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equations appreciably (b) side erodibility fairly constant (c) formative dis- 
charges reasonably definite, and (d) suspended load sometimes reaching 1% 
by weight. Items (a) and (c) were advantageous as they removed two major 
indefinitenesses that would occur in rivers and item (d) fortunately was not 
of major importance for the analysis. Lacey believed firmly that the expres- 
sion of the laws behind the self-information phenomena, when expressed in 
terms of simple circumstances, would, like other laws of physics, be of simple 
forms relating conventional dynamical entitles to each other. Therefore he 
fitted his data by smoothing lines that would be consistent with this belief and 
lie within what he called “the limits of statistical significance.” For example, 
if he found that the best-fit line relating V to d for canals of one system was 
v.93 /g = A, of another v2.01/q = B, and so on, he would suspect that ideal 
conditions would have yielded v2/ (g d) = a parameter depending somehow on 
the constitution of the water-sediment complex; however, for engineering use 
he never inserted useless terms like g, although he always thought with dy- 
namically correctness. As Lacey used P and R for analysis his smoothing 
lines averaged out the relative and quite different effects of beds and sides. 
So his equations apply to idealized but physically possible self-adjusted chan- 
nels of some average small (but not zero) bed-load charge, some average 
concentration of suspended load of some average quality, steady formative 
discharge and some average “relative importance of sides to bed.” For the 
present explanation it is convenient to say that his discoveries could be 
summarized to “all other factors in self-formation, except discharge and bed- 
material size, being constant, P, R, andS adjust themselves to be proportional 
to the 1/2, 1/3 and minus 1/6 powers of discharge and the zero, minus 1/3 
and plus 5/3 powers ofa “silt-factor” f which depends in a very-poorly under- 
stood way on bed-material size.” References (50) and (51) emphasise this 
outlook, Practically these results, so stated, could be used for channels far. 
from ideal and even with large bed-load charge if engineering caution were 
used. In fact, the first two Q relations are quite consistent with the river re= 
sults of Leopold and Wolman (16), see Fig. 15 as a sample, which can also. 
summarize (within the limits of statistical significance) to the statement that 
“all other factors in self-formation, except Q, being equal, the breadths and 
depths at a suitable average Q vary as the square root and the cube root, 
respectively, of Q.” With these relations established the many “other factors” 
are relegated to the coefficients applicable to special cases and, in mos 
cases of practical interest, the engineer can estimate these coefficients for 
the circumstances or from related ones, 3 
The contributions of King and the writer, referredto by the authors, before, 
1951 were to separate out the effects of sides and beds from the Lacey rela 
tions and in the process discover that the slope formula turned into a general- 
ised Blasius one, This permitted them to generalize the three independent 
Lacey equations into forms that may be based on: 
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Side-factor, 


and Slope equation 
V?/(e.4.8), = 3.63, (Vb/v)4.. ous. >. eee 


Here b and d replace the authors’ W and D and Eq. 55 is the correct form ° 
Eq. 30. The bed-factor is roughly equal to the old Lacey f. The term Fg Cat 
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e converted to have the dimensions of the Square of a shear stress by multi- 
lying by p w, and it is then a standard form of rigid boundary hydraulics for 
smooth boundary.” These equations can be converted to agree with Lacey 
receding) that b, d and S vary as the 1/2, 1/3 and minus 1/6 powers of Q, 


4000 


2000 


1000 


500 


10 10? 10° 104 10° 10° 
é Mean annual discharge, in cubic feet per second 


FIG, 15 


they show why his indices for f were found wrong in practice. In fact, the 


lations become: 
b =F, Q/Fs sihai's kal npMot arava Welborn ts fal aw (hOB) 


d = VE UF yee cece eee e eee (57) 
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vhich KK = 3.63¢/y? (see Eq. 29). Generally, all indices of measureable 
ntities in the Lacey formulas are preserved in the new counterparts. 
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1 
Note that Fj, = constant, F, = constantimply b « Q*,da Q1/3, and converse- 
ly, irrespective of the physical meaning of Fy, and Fg. 

The data used by King and the writer at various times to justify these 
equations were those of several canals systems of both the Punjab and Sind: 
the authors’ Punjab data are for channels of the Lower Chenab Canal System 
only. This fact is relevant to Fig. 9. A tremendous amount of information is 
needed to fix the ultimate fitting lines for such a figure, as large scatte1 
must be expected. First, for example, there canbe doubt on what is the domi- 
nant discharge. Second, some of the smaller Punjab channels ran consistentl} 
more than authorized supplies but research data sometimes showed the au- 
thorized discharges. Third, Punjab Main Lines were often not in regime 
though “steady,” but had been eroded incohesive soil and had no sand on thei1 
beds, yet research engineers unwittingly included them. Fourth, the kinematic 
viscosity of the clean water varied from about 1.4 down to about 0.85 times 
10-9 during the year, and turbidity produced a further marked alteration 
Fifth, the modern use of current meters in small channels can give very bac 
results for Fig. 9; the meters are sensitive to turbulence but rated in stil 
water, they record incorrectly when held within a foot of a boundary and, a 
one time in the Punjab, they were used on three verticals only in small chan- 
nels and two verticals were within side influence. (The old-fashioned but sloy 
method of velocity rods is far more accurate). Sixth, the inexpert measure- 
ment of depth in routine observations on a duned sand bed is usually inaccurate 
Seventh, the slope S is for a reach of length of the order of a mile, but the 
sectional observations are for one section only and it may be unrepresentative 
of the reach, Eighth, v2/ (¢ dS) is very sensitive to certain kinds of error it 
practical assessment of Q and d. On top of all this there is the chance tha 
bed-load charge might be sufficient to upset individual points (requiring highe 
and higher fitting lines as charge increases) even on canals where, on the 
long term, it can be neglected. For these and other reasons the writer pre- 
fers to fit the data of Fig. 9 with a line representing Eq. 55, so having a slopt 
of 1/4 instead of the authors’ 0.37; having fitted this standard line he woul 
agree to some parallel lines above it, in terms of additions to regime theo: 
after 1951, to allow for various bed-load charges. A special reason for pre: 
ferring a line that is based on extensive data and also is believed to have 
special dynamical significance (48), (49) is the writer’s opinion that an engi- 
neer working with canals cannot achieve maximum expertness unless he re 
lates his experience to some ideal which is believed to be dynamically correct 
In fact, his expertness consists largely of having discovered the extent t 
which, and the general reasons why, actual occurrences deviate from th 


ideal. Advice on such matters (48), (49) recommend the use of Eq. 58. This ij 
an algebraically derived form of Eq. 55 and has the merits of being in term! 
of factors the designer will use and of being exceedingly insensitive to every 
thing except Fp which the practising engineer will soon learn to assess ¢ 
lines laid down elsewhere (48), (49). He cannot, in any event, avoid the devi 
ations that real conditions cause from any ideal formula. A 

Coming now to the period after 1951, the writer, under the impulse 
Leopold and Maddocks’ work (16) found time to undertake the often-deferr 
task of a major regime analysis of the classic Gilbert data (60) in the ho 
that it would provide the linkage between the regime equations that had li 
bed-load charge indeterminate and, therefore, unexpressed. The results we 
published (52) in accessible form first in the Proceedings of the Internatio. 
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ssociation for Hydraulic Research, 1955 (4), However, its essential findings 
ere summarized, with some printer’s errors, in the report on the Fontana 
onference on Sediment Mechanics (53) held in 1954, Omitting the parts on 
ipercritical flow, the results applicable to regime summarize to the follow- 
g, for subcritical flow: 

(a) An empirical relation between Fp and the bed-load charge C (weight 

bed-load per unit time divided by weight of water per unit time) can be 
ated, as well as available data justify, in the form: 


Sole DS aL SS Oa aera RE (59) 
which Fo is the value to which Fp tends as C tends to zero. 
(b) Eq. 55 should be restated as: 1 
v2/(g d S) = 3.63 (1 +a C) (Vb/y)* ........... (60) 


these expressions a and b are constants depending on properties of the bed 
aterial. For example they are not the same for a natural river-bed sand 
' log-normal distribution of definite dispersion) as for a uniformized sand 
ch as used by Gilbert, nor would they remain the same if material density 
re altered. 
Effectively Eq. 60 can now be regarded as a transport formula no better 
d no worse than the considerable variety of formulas already in existence 
d mostly depending on Gilbert’s data or parts of his data that gave “con- 
stent” results. Its original part retains its dynamical significance, but the 
+ a C) has no present dynamical explanation. It provides the link between 
> regime approach to transport and the laboratory approach. Another pub- 
ation (48) devotes a chapter to worked problems on the use of the new 
uations for solving problems of channel flow with large bed-load charge. 
Z. 16 (4) shows the effect the new formula has on a plot like Fig. 9 for the 
bert data charge range (provided flow remains subcritical). It replaces the 
ginal one line by aset of parallel ones with the C values correct for Gilbert 
formized sediment. The authors have found themselves also impelled to 
parallel lines to Fig. 9, but the writer believes the lowest is probably a 
it line to “experimental errors” whereas the upper might be influenced 
charge. Also, he is willing to admit that the 3.63 in Eq. 60 could be for a 
all charge assumed wrongly to be vanishingly small but doubts if the true 
ue would be much more than a couple of percentage points smaller. 
With the new slope formula the author has managed to obtain reasonable 
imates of bed load ina couple of engineering problems. One was prophesying 
movement of sand into a trench cut into a river bed to receive a tunnel 
ik in sections. Another was by comparison with the observed data and com- 
ations in reference (54) from various other formulas (after correcting for 
effect of meandering on §S, since a straight channel of slope S and given 
1ensions will not transport the same as a meandering one of the same S and 
1ensions), On the whole, after correcting slope for meandering rivers, the 
ter estimates that any transport formula probably gives an answer some- 
re between about half and double the truth, which is quite useful accuracy. 
formulas have to give similar answers within some range as they all de- 
don pretty well the same laboratory flume data and merely differ in alge- 
ic form. The design of assisted cutoffs is also aided considerably by the 
‘formulas. Boulder rivers in which boulder size is not too large compared 
1 depth also analyze exceedingly well but data on their charges are lacking. 
hods of dealing with such problems are worked out elsewhere (48), (49). 
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Reference (52) was followed by reference (55) in 1957, in which the result 
of analyzing all the Gilbert data, not just a major portion, plus some ex- 
traneous material that had a bearing on natural river bed sands was reported 
and special attention was drawn to the unfortunate gaps in experimental data 
in the hope that organizations with large resources would fill in the omissions; 
the hope remains unrealized. A paper containing the new findings was also 
presented, by request of the sedimentation committee at an ASCE Symposium 
in 1955 (56), but was not published. They were also outlined in discussion on 
reference (57). 

There still remain the problems of obtaining better expressions than the 
linear ones in C to allow for bed-load charge and of allowing explicitly for 
suspended load which has always been known to be implicit in regime rela- 
tions. The existence of a means for expressing charge, C, makes the sus- 
pended load problem somewhat easier, but it still remains exceedingly diffi- 
cult since a natural suspended load contains many components. Moreover in 
practice, rivers and canals with large total load have the bed-load differenti- 
ated in relatively small (though highly important) quantity out of the total load 
and the differentiated bed portion will vary with stage if the bed is gravel. It 
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is this fact that makes flume experiments with unnatural sands, or just 4 
“total load” of some kind, so unrewarding in quantitative results when th 
total load is taken as a criterion. Suspended and bed-loads have different e 
fects on the flow, so, unless they canbe arranged to be controllable and meas 
urable separately in experiments, no useful answers can be expected. Eq. ¢ 
is probably the easiest step towards appreciating this, since F depends 0 
bed-material properties and, almost certainly, on the properties of the flui 
which, with suspension in it, does not behave as clean water—it may even 
non-Newtonian. Similarly it is probable that the (1 +a C) in Eq. 60 neec 
functional modification to allow for suspensions. In engineering practice sus 
pensions do not usually affect design problems, since Fp is estimated fro 
comparable circumstances so contains the effects of suspensions automat 
cally. The difficulties arise in fundamental studies or in special works, T 
present popular puzzle about dual behaviour of sediment-bearing flow wi 
apparently the same conditions ceases to be a puzzle when it is realized t 
the same total load does not necessarily mean the same bed and suspende 
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mes. The writer feels, accordingly, that the authors’ references to total loads 
uffecting data might be amplified by references to the presumably very small 
9ed-loads compared with Suspended ones and the different parts they play. 

Regarding references to tractive force theory the writer believes it is 
ypplicable to beds that have not yet been moved, but are about to be set in 
notion; he uses it for problems of beds that are not to move. To him, the 
lifference between flow with no bed movement whatever and flow where there 
S vanishingly small movement is as important as that between movement 
vith no turbulence and with turbulence, When bed movement is occurring then 
he regime equations apply and the tractive force theory does not. In fact, when 
Onditions are those of regime, it is the rate of working by gravity per unit 
nass per unit time that is fixed by the constitution of the water-sediment 
omplex and the value of the side-factor (48), (49). This is a regime deduction 
f old standing recently appreciated in less specific terms by Bagnold (58). 
‘he writer used this relation recently as one of the three principles on which 
‘egime theory could be built if desired (59). As tractive force is proportional 
2g d S multiplication of Eqs. 57 and 58 shows that it is a function of discharge 
S well as of properties of water-sediment complex and side-factor which, 
or all cases where it is not constant because of constant discharge and fixed 
ide erodibility, will depend on discharge and channel dimensions; this ex- 
lains Fig. 11. 

In terminating this necessarily long discussion, and leaving several de- 
ils undiscussed, the writer would: like to emphasize that he values the au- 
iors’ work highly as an addition to badly needed field data requiring a lot 
f effort to collect, as a logicalsystem of correlation, and as an ingenious set 
f proposals for design. The writer, personally, wouldnormally use the latest 
sgime methods of references (48) and (49), nowadays, but admits willingly 
at the recommendations under the heading “Summary” (with 3b modified to 
sad “Fig. 9 representing a modification of the Blench- King regime equation”) 
ré comparable with ones he has accepted and even proposed in the past. The 
riter would be quite prepared to use the figures practically for initial re- 
ilts for the conditions they represent and admits also that they are excellent 
r engineers who have not acquired the expertness in full regime methods 
at only study and field experience can give. However, he has been compelled 
fill in knowledge available since 1951 and feels somewhat in the position of 
1 engineer who has to discuss empirical pipe formulas in terms of a knowl- 
ige of the friction factor diagram and the concept of roughness height, Such 
discussor has to deal with total present knowledge, yet he knows that it re- 
lires some expertness to apply, that circumstances sometimes make it in- 
plicable, and that the so-called empirical formulas are really part of the 
10le and often the best way to express results within a range. 
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CLAUDE INGLIS, 9M. ASCE.—It is most gratifying to the writer, who has — 


spent 50 yr studying and helping to develop and expand the regime concept, to 
find that so much interest is now being taken in the United States in the appli- 7 
cation of the regime theory to the design of channels in alluvial materials, 
However, the authors are mistaken in confusing the regime concept with silt- 
stable flow in channels excavated in scour-resistant material or subject to- 
other forms of restraint (see the first line of their introduction). The regime 
concept, as developed in India by irrigation engineers, is of far wider scope 
and much greater significance than the design of silt-stable channels, Under 
natural conditions, regime is essentially a balance between accretion and 
erosion over a period of time, usually a year; it applies to rivers and tidal. 
estuaries, as well as canals taking off from, and influenced by, the varying 
conditions in the rivers from which they draw their supplies. The changes 
that take place during the cyclic period are generally far too complex to be 
computed; however, if a channel is in regime it will return at the end of the 
period of the cycle to approximately the same condition as at the beginning 
of the cycle, a year or more earlier. +" 
The idea that the design of a channel can be definitely linked with constan 
charge is, in fact, generally illusory under natural conditions, except whe r 
the charge is very small, as assumed by Mr. Lacey. ; 


9 M.I.C.E, andF.R.S., formerly in charge of irrigation research, Bombay Presiden 
1916-33, Dir., Indian Waterways Experiment Station, until 1946 and Dir., Hydr, Researc 
Station, D.S,I.R., until 1958, 
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This does not mean, of course, that the charge is small throughout the 
sar. In most rivers in Northern India the charge of material in movement is 
savy during the flood season, and during a rising flood may be as much as 
000 ppm. To prevent heavy charges entering the canals, the Headworks have 
en designed to reduce the charge of suspended silt and bed-sand entering 
em. This has been further reduced by constructing ‘ejectors’ where there 
Still an undesirable amount. The ejectors serve the double purpose of dis- 
Sing of the excessive bed material near the head, and evacuating much of 
€ excess Suspended silt that is induced toconcentrate near the bed by regu- 
ting the velocity of flow to effect the optimum conditions for ejection. 
here ejection is unsuitable, as in Sind where the slope of the river is very 
at, resulting in an accumulation of ejected silt, excessive entry of silt has 
en prevented by designing the Headworks so that top-water is drawn from 
€ outside of a permanent berd or by inducing favorable curvature of flow. 

spite, however, of careful design and control, there are periods during the 
90d season, particularly during rising floods, when a heavy charge of sus- 
nded silt passes down a canal. Part of the silt deposits on the bed and mixes 
th the bed sand in the upper part of the canal system, with consequent 
noothing of the bed ripples, and the rugosity coefficient falls from approxi- 
ately 0.025 to 0.010, with a consequent drop in the water level required to 
aintain the same discharge. Nevertheless, regime is maintained because 
wards the end of the flood season the suspended silt charge decreases, and 
2 finer silt is gradually washed out of the bed mix, with a consequent return 

the N value of 0.025 and conditions similar to those a year earlier when, 
‘ectively, the ripple pattern of the bed, maintained by a very small charge 
grains of bed material in movement, constitutes the channel’s regime. 

As pointed out by the authors, Kennedy’s 1895 formula Vo = 0.84 Dy,0-64, 

which Dp refers to the bed portion only, permitted a wide and shallow or 
ep and narrow channel, But Kennedy realized that this was not so, and at 
> beginning of the century he published his “hydraulic diagrams for channels 

earth” (61)3 that were in general use in India for design purpose at that 
1e. In 1909 R. E. Garrett (62) published tables and diagrams that, when 
yperly used, indicated optimum dimensions, slopes, and velocities for val- 
3 of the rugosity coefficient N from 0.018 to 0.030. These were a great ad- 
1ce, and, indeed, foreshadowed regime relations. 

The writer, in order to link up canal conditions with those of rivers carry- 
’ widely varying discharges and charges, introduced the “dominant dis- 
irge” concept. This was facilitated by the fact that in Northern India the 
ninant condition was closely linked with “bank-full stage” when the forma- 
e discharge and charge were in equilibrium with the slope and dimensions 
the rivers. Where this is not the case, great skill and judgment, based on 
erience, are required to assess the dominant condition of flow. : 
This is of importance in dealing with the point raised by the authors in 
nection with the investigation carried out by Leopold and Maddock (16) to 
ess “the applicability of the regime theory to American rivers.” The au- 
rs say “The equations were of the same form as the regime equations, but 

not have the same magnitude of constants and exponents. Hence, one might 
clude that regime equations depend on the conditions on which they are 

ed and are valid only within the range of the observed data.” This conclusion 
juite unacceptable. The writer greatly admires most of Leopold’s work, 
his use of average discharge inhis analyses instead of dominant discharge, 


: Numerals in parenthesis, thus, (61) refer to corresponding items in the Bibliography. 
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however arrived at, renders his equations quite valueless for correlatior 
purposes. Had the authors, on the other hand, compared the regime exponents 
with their own exponents for canals (see Figs. 3, 5, and 6, showing the rela- 
tions they derived between P, R, A and Q and Fig. 8 between V: (R2 S)" they 
would have seen that the exponents of the Lacey regime equations were ir 
close agreement with their own exponents, and the coefficients were alsc 
similar for their “sand bed and cohesive bank” condition. The Lacey regime 
equations are in fact basically sound and can therefore be amplified and ex- 
tended to cover other bed materials and charges. The authors are therefore 
wrong in assuming that the equations “are valid only within the range of the 
observed data.” 

When the authors refer to “regime equations” they mean the Lacey equa- 
tions of the late thirties in terms of P and R. These, strictly speaking, were 
only applicable to channels with beds of medium sand. Nevertheless, they 
have been found adequate in India for designing canals, even where they take 
off from rivers that, in flood, carry a heavy charge of debris, ranging from 
boulders and pebbles near the hills, to silt with a grain diameter less thar 
0.10 mm, in the plains. The explanation is that in India it has been considerec 
bad engineering practice to allow sand coarser than medium sand to pass 
down a canal, Great skill and ingenuity have been used to achieve this end, bj 
careful design of Headworks. As channels are generally in bank with wate1 
levels several feet above ground level and because they have to supply floy 
water for irrigation, the banks are preferably spaced much further apart thar 
the regime width of the channel. This induces rapid siltation and the formatior 
of wide, autogenous or self-generated berms. < 

Although the Lacey equations have generally been adequate, the effect of 2 
constant heavy charge of bed material has not been overlooked. In this con- 
nection, the authors attention is drawn to a paper contributed by the writez 
(63) in 1947 (and a 1949 paper (12)). In this, a set of dimensional equations 
were derived that amplified the Lacey equations by showing the individual 
effects of “bed charge,” “grain diameter,” and “terminal velocity of fall of 
grains in water.” These equations were based on experiments initiated by the 
writer at the Indian Waterways Experiment Station, Poona, in the early 1940’s, 
Two series of experiments were carried out with 1.0 cu sec and 2.0 cu se 
respectively, with “sand beds and banks” conditions. In each series, never 
experiments were run to equilibrium, with different bed charges, from 1 
100,000 to 1/10,000 by weight, those with the heaviest charges being neglected 
because meanders developed. The equations then derived were based on di 
mensionless relations of the type a 
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in which n, gave Lacey exponents, and ng agreed with the results of the Poor 
experiments. To simplify the use of the 1947 equations, now known as t 
Inglis- Lacey equations, they are now re-stated using g,m, Vg and rp as rati 
to the standard values at 20C for quartz grains. In this way it has been poss 
ble to incorporate Lacey coefficients as well as exponents. They are state 
in terms of P and R, as the coefficients in terms of Wp and Dm = (A/W) a. 
at present under revision. 
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It was pointed out in the same paper (63), that where the material was 
lartz sand and the grains were greater than about 0.15 mm and less than 
out 0.5 mm, the amount of material depositing in water was constant so long 
the product (X V,) was constant; for grains smaller than about 0.08 mm, 
oke’s law held, and Vg, was proportional to m2, For this reason, the coeffi- 
ont in the equation relating Wy to Q1/2 in the Inglis-Lacey equation material - 
1 mm is about 2.0. This is in agreement with Sind experience and also with 
2 data shown in Fig. 3 of thispaper (63). Mr. Jethwani, in 1943, showed that 
ape in the silt range was much less clear-cut, and that a wide range of di- 
¢nsions and slopes was permissible in the bed-silt range that was borne out 
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by Sind data. For designing for such conditions a paper by Peter Ackers (64), 
(65) will be found helpful. 

Attention is also drawn to Mr. Lacey’s paper (66) in which he has added a 
slope correction factor, E, to the Inglis- Lacey equations. 

The addition by the authors, of two new types of flow, with (c) “sand bed 
and banks,” and (d) “coarse non-cohesive material,” is of great interest. Be- 
cause, although these are “limit-of-erosion” rather than regime conditions, 
their equations have exponents that are basically similar to those in the Indian 
regime equations for (a) medium sand beds, and (b) non-rippling silt beds, the 
comparable coefficients in the W = C Qs relationship being (a) 2.668, (b) 2.0, 
(c) 3.7 and (d) 1.7. Therefore, all the regime exponents are available for use 
in applying the new conditions. 

In conclusion, it canbe said that whenever conditions have been comparable, 
the authors’ data have confirmed the results of Indian work and vice versa. 
The main divergences have been due to the methods of approach being dif- 
ferent. Thus, the authors have presented their data in terms of bed and bank 
materials giving the impression that these are known in advance and that the 
modifying effects of the several complex factors that will affect the design, 
can be worked out, provided a mass of data is collected about the individual 
effects of each factor. It is not suggested that the authors really hold this 
view, but merely that their presentation will give this erroneous impression 
to the great majority of those who will read the paper. Confusion will also 
arise due to the authors dealing simultaneously with two different problems, 
namely, 

(1) the design of canals carrying clear water, and 

(2) the design of canals taking off from rivers carrying a heavy charge 
during floods 
Thus, the authors when commenting on Lane’s Type 1 class of instability, © 
“Channels subjected to scour that do not silt” say “This is the simplest and” 
fortunately, also the one of primary importance, since most of the present 
and future canal problems are and will be clear-water problems.” On the 
other hand they say “When it is realized that design must be confined to a_ 
range of small Froude numbers, it is immediately apparent that sediment 
load is also severely limited, usually to less than 500 ppm” so that “canals _ 
must utilize head works structures, that do not allow sediment coneentratil 
in the sand-silt range, to exceed 500 ppm for the dune form of bed roughness 7 
and the concentration of sediment must be even less for ripples.” 

Although it is not uncommonfor canals in India to carry almost clear water 
for a large part of the year, their design in such cases has generally beer 
determined by local requirements, not by the material in which they are ex- 
cavated, and has not presented any considerable difficulty. 

Thus, as long ago as 1870, Fife designed the Mutha Canal very success 
fully, making the first ten miles down to Poona narrow and deep to stor 
water and allow barge traffic, and constructing the canal relatively wider ar 
more shallow further downstream, to maintain a nearly constant water level 
for irrigation, 5 

Under such conditions, aquatic weed growth may have an important bearin 
on canal design. An investigation carried out at Poona (67) showed amon 
other things, that a velocity exceeding 2 fps inhibited weed growth, irrespectiv 
of depth. S 

Although in the United States, the number of canals carrying a heavy dis 
charge may be much fewer than clear-water canals, it is obvious from wha 
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has been quoted that they are nevertheless, of great importance and present 
the gravest design problems, just as they do in India. There, the most diffi- 
cult design problems occur where in addition to the parent river carrying a 
heavy charge of silt, the slope of the country is flat, as in Sind. Under such 
conditions, success depends almost entirely on the effectiveness of the Head- 
works design, and hardly at all on the material of the terrain through which 
the canal passes. It is therefore essential to select a site for a Barrage 
where favorable curvature of flow can be permanently maintained. This en- 
tails taking into account the changes that will occur upstream of the Head- 
works in years to come, and calls for deep knowledge of river behavior, 
particularly of the river in the vicinity of the proposed Headworks,. Where 
this is overlooked, as once occurred when a carefully prepared design was 
altered to simplify construction and save capital cost precious “head” was 
squandered and very serious silting trouble ensued. 

Finally, the writer cannot accept the authors’ contention as to “the inade- 
yuacy of regime methods” or that “regime equations depend on the conditions 
yn which they were based and are valid only within the range of the observed 
lata.” As already shown, the regime method is not restricted to the condi- 
ions of Lacey’s medium sand equations of the late thirties, The regime 
nethod, as covered by an extension of the Inglis- Lacey equations, covers not 
nerely other regime conditions than those of the Punjab and Sind, but also 
limit-of-erosion’ conditions. 

Lastly, it must be realized that hydraulic design is a fine art, depending 
m the knowledge, experience, and skill of the designer, and that textbook data 
S merely a valuable aid to engineering skill. 

The attention of those interested in regime flow is called to a paper by the 
vriter (68). 
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RESISTANCE TO FLOW IN ALLUVIAL CHANNELS2 


Discussion by H, A. Einstein, T. Blench, 
Emmett M. Laursen and Gerald A, Zernial, 
Dasel E, Hallmark, Thomas Maddock, Jr. and 
W. B. Langbein, R. Hugh Taylor, Jr. and 
Norman H, Brooks, and Lucien M. Brush, Jr. 


fm. A. EINSTEI, !1 F, ASCE.—This paper is very valuable for the experi- 
ental data given, as well as for the excellent description of the various bed 
rmations. 

As far as the analysis of the data is concerned, it is most gratifying to see 
at the change of roughness is related to the geometry of the bed, but not to 
= “work spent on moving the sediment,” one of the early concepts which has 
lped much to obscure the facts. 

The experiments cover a large range of sediment rate and of slope values. 
ey reach up into Froude numbers above critical and indicate that no partic- 
ar changes occur in the friction law at that point. The water depth covers a 
ther small range. Only one sediment mixture was used. 

In their analysis, the authors appear to use exclusively their own experi- 
ental results. If they had used these results to check previously proposed 
ories of friction along sediment beds, the paper would have been extremely 
luable in its analysis. Unfortunately, that was not done. Instead, they de- 
loped a new relationship as given by Eq. 9 and in Fig, 11. This relationship 
composed of rather complicated combinations of the variables and definitely 
sds an explanation, 

This relationship in question is given in Fig, 11 in the form: 


2 

Ver 0S wads V 

rh e Sears ~ TY oeee eee 10 
i( . 100+ 5 5] powers (10) 


V, Ay, D 
vhich the nomenclature is the same as that of the original paper and V is the 
‘rage flow velocity; V, = V To/p = VS Dg the shear velocity along the bed; 
is the shear stress at the bed; Avg is the specific weight of the sediment 
ler water; S is the slope; D represents the water depth; w is the settling 
ocity of the sediment (average); d denotes the diameter of the sediment 
erage); v is the kinematic viscosity; g represents the density of the fluid; 
fis a function. Of these variables, Ay,, p, w, and d are constants for the 
ire setof experiments, Thus, Eq. 10 may be rewritten inthe following form 
lecting all constants in brackets 


7 Fa me s2=4 3 ({100w a * + [5] (¢2)’) Jest) 
‘s * 


Ly ay, 1960, by Daryl B. Simons and E, V. Richardson. 
1 Prof,, Mech, Engrg., Univ, of Calif., Berkeley, Calif. 
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With all the brackets constant for the range of the experiments, this is a rela. 
tionship between (V/V,), S and v. A check of the range of temperatures show 
that-v stays between the values of 1.03 x 10-5 and 1,22 x 10-5, This represent: 
a+ 10% maximum deviation from an average value, which is well within thi 
scatter of the points in Fig. 11. For the sake of that discussion v may thus bi 


FIG, 12,- AS A FUNCTION OF S 
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FIG, 13.—* AS A FUNCTION OF Yt 


assumed to be constant, too. Eqs. 10 and 11 are, therefore, a relationship 
tween (V/V,) and S, The values of (V/V,) were thus computed for all expe 
ments and plotted against the slope S in Fig. 12. It is seen there that this 
lationship is very weak with a minimum of (V/V,) near S= 10-3, witha 
increase towards S = 10-4 and a more abrupt increase towards S = 10-2, 
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sntire change of an average line is about from 9 to 18, or by a factor 2. This 
actor may be responsible forthe Slight deviation of the curve of Fig. 11 in the 
riginal paper from a slope 2, Otherwise, that curve is nothing but a plot of 
* against S as is easily seen from Eq. 11. 

In their analysis, the authors refer to another paper, 10 If they had used the 
ntire procedure proposed in that paper, they would have found that their re- 
ults (except Run 26, which appears tobe far out of line) follow the river curve 
easonably well for ¥' - values below10, (See Fig. 13), For higher W' - yal- 
es, uj’ /u deviate systematically from the river curve towards zero, This de- 
iation is characteristic for all flume flows with coarser sediment than about 
-) mm. It may be mentioned that the plotting of ul! /u, instead of u/ul! as in 
he original paper, has been used here as it tends to emphasize the range in 
hich the bar resistance is important rather thanthe range where it fades out. 
‘ig. 13 shows a rather large scatter of the points which may be easily explained 
y the difficulty of defining and measuring the exact locationof the bed in view 
f its large irregularities. It must be kept in mind, furthermore, that that 
1ethod of analysis accumulates all accidental errors of the entire measure- 
1ent into a part of the energy dissipation. 

If the authors had been satisfied with checking the applicability of their 
1easurements to various existing theories and formulas, they would have done 
1€ difficult field of river hydraulics a much better service than by trying to 
erive from the rather limited amount of information a new relationship which 
9€S not seem to have much physical significance. 


T. BLENCH,12 F, ASCE.—To see this starting attempt to repeat the out- 
anding work of Gilbert (5) with large equipment in the engineering depart- 
ent of a University is indeed a pleasure. To the “principal reasons why only 
mited answers.,.... have been developed” (Introduction) for the matter inhand 
€ writer would add the lack of science instruction in schools followed by en- 
neering curricula that also ignore basic science infavour of manipulation of 
critically accepted formulas; these added reasons seem necessary to ex- 
ain the almost complete failure of engineers to study the information Gilbert 
lected and presented, The continued demonstrationof transport phenomena 
college, and the progressive measurement and critical analysis of quantities 
levant to sediment-bearing flow in and beyond the Gilbert range in flumes, 
the authors obviously intend, should help to inject a scientific outlook into 
gineering instruction and advance engineering information; extension to field 
servations will yield even more. The writer offers his congratulations and 
uld like to eines some comments from his own experiences and analysis of 
Ibert data13,14 in the hope that they may be useful. 

Experimental Equipment and Procedure 

Recirculation of Sand.—The writer, after finding that the relatively modern 
sthod of circulating water and sediment saves time in qualitative work and 
Iduces very realistic river behavior even with “steady” discharge, has re- 
rted to direct injectionfor exact quantitative purposes. First, steady pump- 
‘of sediment-laden flow is very difficult, and second, even with steady pump- 
- there seems to be atendency for oscillation of sediment charge withperiods 


12 Prof, of Civ, Engrg., Univ. of Alberta, and Pres., T. Blench & Associates, Cons. 
ir, Engrs, 
13 *Recime Formulas for Bed-Load Transport,” by T. Blench, Proceedings, IAHR, 


5, 
4 “Regime Analysis of Laboratory Data on Bed-Load Transport,” by T. Blench and 
3ryan Erb, La Houille Blanche, No. 2, 1957. 
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that may run from hours to days depending on the type of experiment. These 
oscillations seem largely responsible for the realistic sediment behavior o: 
river models with steady discharge. The initiation of oscillation, in a flume, 
appears to arise from a disturbance, or error of adjustment, causing a back- 
water effect; then sediment either deposits or is removed from the downstrear 
end and results in a starvation or excess of sediment supply at the upstrean 
one. The consequent degradation or accretionthat moves down the flume takes 
a relatively long time to travel, so the oscillations are of long period. In spe- 
cial experiments now in hand at the University of Albertal5 where bed-load is 
about 20% by weight of the water flow, the pulsation of sediment-flow is rapic 
and clearly visible - presumably associated with the pump behavior. Oscil- 
lating discharge causes enhanced scatter of plotted points and might cause bias. 

Measurement of Bed- Load Charge.—A special cause of scatter of the au- 
thors’ plotted data, which the writer finds rather more than he expected fror 
his own experiments, field canal observations, and regime analysis of Gil- 
bert13,14 might bethe methodof measuring charge. Charge (weight discharge 
of sediment divided by weight discharge of liquid) is not measurable generally 
by concentration found in a grab sample (weight of sediment found in such ¢ 
sample divided by weight of water in it) unless the sediment moves at fluic 
speed.*? An interesting analogue from physical chemistry is of anions and ca- 
tions flowing in opposite directions between the poles of a battery; obviously, 
if a sample of their concentration showed them in the ratio of x/y this woulc 
not prove they moved in the same direction with discharge ratio x/y. Recent 
work at the University of Alberta!® has shown discordance between chargé 
measured from concentration and directly by collecting and analysing the water- 
sediment complex volume that is diverted for a considerable time into a tank 
Perhaps the methods of measurement of charge, even in a nappe, merit checl 
against a case where sediment is injected at a known charge rate. & 

Measurement of Depth.—The writer once had bed profiles observed iné 
glass-sided flume!” with results that condensed to “. . . the mean of the meal 
depths observed on each side of the test reach differed by a very small, bu 
statistically significant, amount from the mean found from that mean and the 
mean depth along the centerline in the small flume. Also the mean depth taker 
from the sides, by planimetering the bed-wave profiles, did not differ signifi- 
cantly, on an average, from that given by averaging the two extreme depths 0} 
each of the planimetered profiles .. .” Perhaps the mean bed elevation mig hi 
be quite accurately found by smoothing out the dunes after a run. ¥ 

Use of Orifice Meters,—It is possible that an orifice meter calibrated fo: 
clean water reads incorrectly for sediment-laden flow because (1) the kinet: 
energy correction factors at the measuring sections are different, (2) the sedi 
ment deposits against the orifice plate. 

Natural River Sand.—Sand obtained from a river is not necessarily natura 
river sand; it may be a mix obtained from a dredging pile. Work at the Un 
versity of British Columbia!7 showed that a mix of natural sands used in flur 
experiments alters during running and tends to become natural with a medi 
diameter that may be different from that of the mix. The writer’s observ; 


15 Flume transport research under R, Ww. Ansley, 
vice Athabasca, Inc., 1960, 


6 “Regime Behavior of Canals and Rivers,” by T. Blench, Butterworths Scien 
Publications, Washington 14, D. C., 1957. 
17 Note on Studies of Bed-Movement in Flumes, 1949-51, Report of September, 1! 
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ions18 show that a natural river sand plots fairly straight between the 1% and 
9% limits on log normal paper and has about 1% coarser than twice median 
ize and 1% finer than half median size, Repeated observations over several 
ears at the University of Alberta have shown that a natural sand used in a 
iver tray does not change its constitution, Presumably an unnatural sand will 
plit into bed and suspended loadin different proportions at different discharges 


ad cause considerable errors in assessing bed-load and what it would do in 
ater free from suspensions. 


Observed Flow Phenomena 

Time of Development of Regime.—The writer agrees about the long time 
squired for establishment of a new steady regime in sand-bearingflumes after 
renasmall change in afactor suchas bed-load charge, In flume experiments17 
med at relating bed-factor to charge (for designing a model) the mean depth, 
ter a change, was plotted at intervals of several hoursfor periods of several 
lyS and was found to change asymptotically from some three to four inches 
id oscillate slightly about its limit; the results indicated that three days was 
fair steadying time. The matter is important in measuring bed-factor, Fy = 
-/D, since discharge is usually known exactly, so Fy varies inversely as the | 
be of D. 

Absence of Ripples or Dunes at Low Charges.—On page 81 is the statement 
ther investigators have reported movement with a plane bed without forma- 
m of ripples...” This phenomenon is under investigation now at the Uni- 
rsity of Albertal9 with 1 mm gravel, At discharge intensities such as in the 
esent paper small charge flowis duneless, and if dunes have been previously 
juced they gradually vanish; but at higher charges in the subcritical range 
nes form and persist. The behavior is important practically because, al- 
ugh a sand model can reproduce qualitative gravel river behavior29 it is 
antitatively imperfect. (Gravel may be defined as material have settlement 
locity proportional to the square root of sediment size, so 1 mm is a con- 
tient lower size limit (with some margin). In the sand range, less than 
newhat smaller than 1 mm, settlement velocity does not follow a fixed index 
7; the index increases progressively from 1/2 till size is about 0.1 mm, af- 
which it remains fixed at 2), The quantitative advantages of using a small 
vel to represent the material of a gravel river are considerable, so the 
tical question arises whether, in asmall model, somefactor like Reynold’s 
nber in terms of depth, or relative grain size21 becomes important and 
‘vents the model from behaving like the prototype. Unfortunately, Gilbert’s 
es on the appearance of dunes seem rather vague on whether they were ab- 
t incertain cases, or he didnot verify, and his charges were mostly higher 
n those that affect engineering practice, The authors are paying attention 
he engineering range of charges up to some 400 parts per million - so it is 
ed that they will consider investigating this problem of gravel behavior and 
haps carry it tothe field, aided by sonic sounding, 22 as an extension of their 


8 “Normal Distribution Found in Sample of River-Bed Sand,” Civil Engineering, Feb- 
ry, 1952, withreplies to discussion February, 1953, 
Be search at University of Alberta by A.N,Varzelioti under auspices of Alberta 
2rnment Highways Department (Bridge Branch) and Alberta Research Council, 1960, 
ertain river erosion problems, 
0 “Regime Behavior of Canals and Rivers,” by T. Blench, Butterworths Scientific 
eats aad teenie England, and Toronto, Canada, 1957, Chapter 8, 
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ane Changes in the Beds at Alluvial Rivers,” by Walter C, Carey and M, 
| Keller, Proceedings, ASCE, Vol. 83, No. HY 4, August, 1957, and discussion thereon 
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related paper23 (Excessive saltationin a gravel river confuses sonic records) 

Seepage Flow.—The effect of seepage flow, page 80, certainly deserves th 
attention given it. The writer has noted, in glass-sided flumes, that the phe 
nomenon related to Figs. 5, 6 can be associated with piping failure of the be 
due to formation of a hydraulic jump. 

The Shock Antidune.—Sponsored researchl95 being carried out at the Uni 
versity of Alberta by R. W. Ansley M.Sc. has recently shown an interesting ne" 
phenomenon that might be named the “shock antidune.” With about 20% b 
weight sand bed-load (in supercritical flow) in a flume insertion of the han 
causes a hydraulic jump and load deposits rapidly in its subcritical portior 
The jump moves slowly upstream with sand continuing to deposit. Removal c 
the hand then lets a clear backwater curve form down the downstream side c 
the deposit. Erosion of this downstream side proceeds more slowly than dep 
osition occurs just downstream of the jump, so a gradually lengthening supe 
antidune combined with hydraulic jump (or “shock-wave”) moves slowly up 
stream. 

Ripples and Dunes.— Laboratory workers usually find the need for distin 
guishing between ripples and dunes, but the writer has not felt the need in ca 
nal practice since, even with very small charges, the bed-wave patterns ob 
served during closure seem to be fairly described as dunes; also analysis ¢ 
transport data donot seem to indicate that the changefrom ripples to dunes i 
associated with a discontinuity of formula such as Fig. 9 shows for the chang 
from dunes to sheet flow (of course, data usually scatter considerably so ma 
hide an effect). The question arises, in connection with the comments on “ab 
sence of ripples or dunes at low charges,” whether ripples may be a sma! 
scale phenomenon, Would it be possible, now or later, to extend the authors 
helpful descriptions to a detailed quantitative definition of ripples and dunes 

Analysis of Data.—It is a little surprising that the data have been analyze 
in terms of “tractive force,” which is not, to borrow a thermodynamic term 
a function of state, and the rather peculiar concept of alaminar film thicknes} 
on a duned bed, when the authors’ related paper23 has found regime theor 
parameters so rewarding. As all the Gilbert dataplus some of Dr. L. B. Straul 
and of the U. S. Waterways Experiments Station have been analyzed, using re 
gime theory methods, the writer13,14has re-analyzed Table 1 accordingly am 
found some interesting agreements with and points arising from the authedy 
findings:- z 

(i) Regime slope relation and charge. The regime analysis just mer 
tioned13, 14 led to the following:24 1 


v2/gDS = 3.63(1 + aC) (Vb/v)4 + bee 


In this, for Gilbert sand and gravel, and subcritical flow, “a” was found to | 
1/400 with C measured inparts per hundred thousand (not per million like ¢ 
in the present paper). So, as an alternative to Fig. 9, regime theory woul 


1 
suggest plotting (Vb/v)? divided by V2/gDS against Crp, and the expectatic 
would be that a practically horizontal line would result (tothe log scale) up 
Cy = 100, with a slight dip up to 1,000 and a discontinuity of slope beyond abi 


23 «Uniform Water Conveyance Channels in Alluvial Materials,” by Daryl B. Sime 
and Maurice L, Albertson, Proceedings, ASCE, Vol. 86, No. HY 5, May, 1960, and d 
cussion thereon by T. Blench, 

24 Discussion by T, Blench of “Uniform Water Conveyance Channels in Alluvial ] 


terials,” by Daryl B. Simons and Maurice L, Albertson, Proceedings, ASCE, Vo: J 
No, HY 1, 1961, 
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FIG, 14.—CHANGE IN REGIME SLOPE FORMULA WHEN DUNES VANISH 
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iG. 15,—PROBABLE TYPE OF BED-FACTOR AGAINST CHARGE RELATION 
} FOR ALL GILBERT SANDS AND GRAVELS 
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3,000, (Fig. 14 reproduces Fig. 4 of Ref. 13, insupport; it tests, on logarithmic 
scale for convenience of publication, whether equation (12) with “a” = 1/400 
does actually fit a good sample of Gilbert data in the subcritical range). The 
plot,25 actually of 8Q1/12/7,11/12 gave a horizontal line with the scatter of 
points comparable with those of Fig. 9 and too much to show the expected dip; 
it showed a definite change of slope where expected; the scatter of points was 
more than would have been expected from Gilbert; the discontinuity of slope 
was as marked as that of 7 in Fig. 9; the position of the line did not agree with 
the value of 3.63 in equation (12), 

The discontinuity over which the writer and the authors agree is interesting 
because the well-known transport formula of Meyer-Peter26 and the bed-load 
function of Einstein,27 both resting partially on a selectionof Gilbert data and 
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FIG, 16.—BED FACTOR CHARGE RELATION FOR DUNES: TABLE 1 


both giving essentially the same relation,28 are devised to show a continuou! 
relation through ripples, dunes, sheet flow and antidunes, Obviously some re 
conciliation amongst authorities is desirable, perhaps by further observation 

The disagreement in coefficient between the writer and the authors migt 
be due to measurement methods, see comments under EXPERIMENTAL EQ 


25 “Regime Behavior of Canals and Rivers,” by T. Blench, Butterworth’s Scient: 
Publications, Sec, 1.7, Washington, D, C., 1957. : 


26 «Formulas for Bed-Load Transport,” by E, Meyer-Peter and R. Muller, prone 
ings, LAJHR., 1948, p. 39, 


“Formulas for the Transportation of Bed-Load,” by H. A, Einstein, Transactio: 
ASCE, Vol, 107, 1942, pp, 561-594, ; ‘ a 


8 «The Present Status of Research of Sediment Tr by Ni 
ansport,” by Ning Chien, Trai 
actions, ASCE, Vol, 121, 1956, p, 833, Fig. 5, Fa pe — 
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MENT AND PROCEDURE, Possibly a re-plot to Meyer-Peter and Einstein 
arameters would help by showing whether there was disagreement with their 
lata as well as with those of Gilbert and of major irrigating canals of India,16 

(ii) Bed-factor, Fp, and charge, Regime theory!3, 14 would replace Fig, 
0 by a simple plot of V2/D against charge, C, for each bed-material used, 
‘ig. 15 is an idealized key diagram showing the type of relations obtained by 
loing this for all Gilbert data, Fig. 16 plots the subcritical ripple and dune 
ata of Table 1 similarly and yields the kindof relation expected, but the slope 
f the line is considerably different from expectation from Gilbert and from 
york done with natural sands of 0.275 mm and 0.45 mm at the University of 
sritish Columbia,17 Those last experiments, for the small but highly practical 
ange of C = almost zero to C = 12 parts per hundred thousand were fitted by: 


Sea Ge ITU, SS5C)>, Sah se eS TS) 


1 which dy, is particle median size inmillimeters, As they made lengthy runs 
t vanishing C, the scatter at C=0 was small, whereas the points at C = 1 in 
ig. 16 scatter badly. So again the questions raised previously about natural 
and and measurement methods come into prominence, 

An important agreement about the type of fit to bed-factor data is that, at 
anishingly small charge, V2/d has adefinite value. This contradicts theories 
iat make bed-factor vanish when charge tends to zero. A further important 
10Wing is that bed-factor is a “functionof state” in that it depends on the bed- 
aterialand the charge, but not on the discharge of the fluid. This contradicts 
/draulics texts that publish tables purporting to give the velocities at which 
1annels moving non-cohesive sediment along their beds will neither silt nor 
Our; Such tables require that the channels of an ideal irrigating system that 
stributes sediment uniformly should be designed to run all at the same ve- 
city whereas they would run all at the same v2/D; that is, the large channels 
juld run considerably faster than the small ones. These matters have been 
scussed in detail elsewhere, 16 

Need For Research,—Attention is drawn to the specific recommendations 
r research,13,14 The Gilbert data, despite their great range and number, do 
t haveuniform coverage andare for artificial sands andgravels. Their anal- 
isl3,14 leads to a selection of specific questions, most of which could be 
Swered in a couple of years by a few co-operating stations with large facil- 
€8, Supplemented by large scale experiments in the field. A research not 
sntioned, 13,14 put likely to be fruitful because Canadian and American en- 
1eers have demonstrated its simplicity in the field,22 is into the relation 
1ong dune parameters and those of the water-sediment complex and flow. 
though individual dunes and ripples may be impermanent, the average num- 
r per unit length, the average heights and the average speeds of progression 
2 definite, and regime theory29 indicates that a suitable equivalent roughness 


ght is given by (vFg)? Fp(1+a Gye Perhaps the authors would con- 
ler the Reseenility of such a program interms of the canal facilities used for 
ir related work23 and, of course, their laboratory flume. 

Nomenclature.—For several years the writer has adhere to ASCE nomen- 
ture for his publications, including international ones.29 It is suggested 


29 “Regime Behavior of Canals and Rivers,” by T, Blench, Butterworth’s Scientific 


lications, Sec, 1.7, Washington, D. C., 1957. ip te eet 

*V “Civil Engineering Reference Book,” Butterworths, London, ngland, 2n ition 
r issue 1960) . Chapter “Hydraulics of Canals and Rivers of Mobile Boundary,” by 
ench, 


oO 


Ts ee 


228 January, 1961 HY 


that the authors might also conform, for example in using a small d for depth 
and a large D forparticle size; no system basedon only 26 letters can be per- 
fect. 


EMMETT M. LAURSEN,?!1 M, ASCE, and GERALD A. ZERNIAL,?2 A, M. 
ASCE,—Useful as dimensional analysis and dimensionless parameters can be 
in many instances, if not used with caution, their use can confuse and embel- 
lish rather than clarify and simplify. It seems to the writers that too great a 
faith in the power of dimensionless parameters has marred this report on an 
otherwise careful and worthwhile investigation, 

Both Figs. 10 and 11 illustrate one of the traps waiting for the unwary, re- 
lating something to itself. The parameter of Fig. 10, for example: 


= 
eve SRO versus Vv, 4 
Vig Ay, d v 
can be rewritten as 
Caty Ds Ye DSd 
— versus - ———— 
Ve Aysd v 


since V/V, = C/Vg, To =y DS, and V,=V%gDS,. In this form, it is readily 
apparent that in the ordinate parameter there is a factor D S/d and in the ab- 
scissa parameter VD S/d, which by themselves would plot as a perfect line on 
a 2 to 1 slope on log-log paper. The data in Fig. 10 plot in a scatter band with 
a slight curve approximately a 2 to 1 line. Because most of the range in val- 
ues of the parameters is dueto the range in values of the slope, it can be con- 
cluded that the relationship indicated in Fig. 10is primarily D S/d = (VD S/d)2, 
Presumably, the systematic deviation from this line should then be due to the | 
residue of the parameters a 


oye : (a qe/2 
= >= a ae 
Vg As : 


ese ee ereeeroeeeeane (14) 


‘ 
. 
3 
% 


and the scatter due to other unincluded factors or to experimental errors. 
Similarly, the parameters of Fig. 11 


Vv To 2wdSs v2 
V, AyD S versus 10 = A oes 


can be rewritten 


2 
Boy ed DES eee (100 wdis ces s 
Ve AY, v £ 


and it is evident that the range of values of S, from 0.00015 to 0.0101, dete 

mines in large measure the manner in which the data plot. In this case, th 
residue of the parameters are still not completely independent when the Sf 
tors are removed, . 


Cc Y wd Cc? 
ve AY, %p ( y + 5 g ePeeeeseoaeeso ce (1 
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ie Assoc. Prof,, Civ, Engrg., Michigan State Univ., East Lansing, Mich, 
Assist, Instr., Dept. of Civ, Engrg., Michigan State Univ., East Lansing, Mich, 
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It wouldappear from Eqs. 14 and 15 that the dimensionless Chezy coefficient 
/Vg is related to either Vg/d3/2/py or w d/v, These parameters, however, 
nly vary with the temperature insofar as this particular study is concerned, 
Tom a plot simply of run number (presumed to be in order of occurrence) 
gainst temperature, Fig, 17, it might be inferred that the first eighteen runs 
ere made in the winter and the remainder in the Summer, Because the con- 
itions for the runs were more or less systematically varied, the runs with 
ippled beds (and rather small C/V¢ values) happened to be at_low tempera- 
ires, while the transition and antidune runs (with larger C/Vg values) hap- 
ened to be at higher temperature, A suspicion that the apparent temperature 
fect is really a bed-form effect can hardly be avoided. 

That the Chezy coefficient is a function of the bed form, or roughness, is 
n0wn in Fig. 18 where C/Vg is plotted against 2 D/h. The numbers beside 
ach point are values of L/h. The values of L and h, the length and height of 
ie dunes and ripples, were obtained from correspondence with the authors and 
re listed in Table 2. Considering the variety and complexity of bed forms, 
€ relative height and length are not really sufficient to describe completely 
€@ geometry. Moreover, the surface texture (particle roughness) and the 
eynolds number of the flow might also be expected to be influential in deter- 
ining the resistance to flow. The data of the 0.18-mm sand used by Barton 
d Lin, 33 and of the 0.1-mm sand used in some experiments at the Iowa In- 
itute of Hydraulic Research?4also scatter about the Nikuradse line, Figs, 19 
id 20, but with smaller L/h values. Qualitatively, the contribution to the to- 
l resistance of surface (particle) roughness would seem to be greater the 
arser the sand. 

As pointed out by the authors, the discontinuity in the relationship between 
y and C7 in Fig. 9 is because of the relatively large tractive force associated 
th the dunes. The total tractiveforce is transmitted tothe bedpartly through 
oressure distribution on the dunes and partly through the apparent shear on 
> sediment particles. If one assumes that the particle shear is the same as 
* a plane bed at the same velocity and depth of flow, this fraction of the total 
ear canbe evaluated by the use of Manning’s equation and Strickler’s evalua- 
n of n as: 


(e) 1/3 eoeee erie ° (16) 
7 e eseeeceve eooeoeeee 6 


e plot in Fig. 21 of this approximation of the particle shear against the con- 
tration eliminates the discontinuity of Fig. 9. 

The use of the particle shear was an integral part of the relationship for 
nputing total sediment load, proposed by one of the writers: 34 


7/6 ’ Meee e 
c-Ep($) eee eee | fe ine 
v '0/p 
Ww 


which p is the fraction of sediment of size d, and the function, f is 
i. figure presented elsewhere, °4 
Figure 22 shows a comparison between measured total concentration (Crm) 


concentration thus computed (CTC). The symbols D, T, and A represent 


33 “A Study of Sediment Transport in Alluvial Channels,” by J. R, Barton and P-N, 
Research Report, Civ. Engrg. Dept., Colorado A and M College, 1955. ae 
+ “The Total Sediment Load of Streams,” by E. M, Laursen, Proceedings, 3 

. 84, No, HY 1, February, 1958, 
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Run number 


FIG, 17.—TEMPERATURE VERSUS RUN NUMBER 


FIG, 18.—RESISTANCE AND ROUGHNESS, SIMONS AND RICHARDSON a 
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junes, transition, and anti-dunes, and the numbers beside each point are val- 
les of the Chezy parameter, C/ Vg. A systematic scatter about the line of per- 
ect agreement (Crm = Crc) with the Chezy parameter is apparent. The large 


leviation in the lower concentration range can be partially explained by the 
t 


To * ; 
actor ( 72 - 1) used in the computational procedure, This factor should be 
Cc ’ 
T 
he temporal mean of the integral of the positive values of =< - 1. The temp- 


Cc 


TABLE 2,—VALUES OF LENGTH AND HEIGHT OF THE DUNES AND RIPPLES 


Run : Cc ’ 2 ; j 
L, in ft os T, x 10%, Crap Crane 1 
2m Ve °in pst ppm bpm 
(1) (3) (4) (5) (6) (7) 
14 14,9 0.294, == es 
17 11.2 244 => 1 
16 11.9 254 =5- 2 
13 14.0 227 eee Tut 
15 10.2 255 ao 1 
18 10.2 276 sss dl 
2 1233 585 —- 94 
3 11,2 539 8.2 101 
9 10.4 359 = 2 
1 11,8 625 See 23 
5 12.4 .729 —— 26 
igl 9.4 264 — 4 
4 12.8 890 = 92 
8 9.4 411 ae 8 
7 10.8 873 70 268 
10 vy 310 Se 20 
6 9.3 564 aoe 42 
12 8.5 416 =e 1 
19 10.7 862 97 208 
21 8.4 .962 86 641 
22 8.5 1,09 113 710 
25 9.2 1,09 210 378 
20 8.6 1,26 240 508 
23 1123 2.89 840 856 
24 7.31 1.38 346 1200 
40 11.8 4,48 1200 2460 
39 18.6 1,03 4354 3960 
26 26.8 15.85 9171 4580 
28 16,2 6.38 3432 4230 
29 10.0 2.02 987 1850 
31 T(E 8,97 4998 4750 
27 13.9 4,92 3091 4100 
36 12.3 2.74 1977 1370 
41 ete 11,85 6077 4340 
30 11.9 3.58 2558 3550 
35 14.0 4,71 3632 4610 
34 16.8 8.08 6451 5690 
33 19.9 12.40 11,798 6810 
38 17.0 13,85 9476 6230 
37 18.8 15.2 10,655 5570 
32 18,0 13,3 11,533 6180 
45 9,0 3,62 3700 9630 
44 16.8 13,28 14,876 15,100 
42 17.0 16.10 18,890 11,400 
16.5 19,17 23,500 11,500 
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FIG, 20,—RESISTANCE AND ROUGHNESS, LAURSEN AND LIN 
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Fic. 22,—COMPARISON OF MEASURED AND COMPUTED CONCENTRATIONS 
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oral mean, obviously, would be much larger than the value used when TO is al- 
most equal to Tc. 

In Fig. 23 a comparison is shown between the dimensionless Chezy param- 
eter C/ Vg and ratio of measured to computed concentration. Concentrations 
computed by Eq. 17 tend to be high as the roughness, or resistance, to flow is 
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FIG, 23,—RATIO OF MEASURED TO COMPUTED CONCENTRATION 


small (larger values of C/V) and low as the roughness is great (smaller val- 
ues of C//g). Itisnot unreasonable that the chances for a particle to project — 
itself into suspension are greater for a relatively rough than smooth bed. 


DASEL E, HALLMARK, 35M, ASCE.—The authors are to be commended fo s 
this paper in afield where only meager data exists. Alluvial streams have pre-— 


In limiting this study to one bed material several of the difficult complex- 
ities are minimized. The relative standard deviation of the size distributior 
of the bed material o of a given median fall diameter d influences movement o! 


35 Highway Research Engr., Div, Hydr, Research, Bur, of Public Roads, Washing on 


36 “Hydraulics Method to Fight Mud and Stone Carrying Streams,” by M. S. Gagos 
hidze, Hydrotechnic and Soil Improvement Magazine, No. 9, Moscow, 1958, ‘ 
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the bed considerably. This is borne out by localized scour study37 in which the 
d was nearly constant and o was variedover a considerable range, Graphically 


his is illustrated in Fig. 24 in which the rate of scour parameter . on the or- 


b 
‘ : ch 
jlinate versus time parameter > clearly defines different rates of movement, 


[he explanation of this:phenomenon is inthe sorting process of the fine parti- 


~~~ dm = constant 


0, =standard deviation of fall velocity 
Note: @,, was only variable for these tests 
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FIG, 24,—INFLUENCE OF 0 ON RATE OF SCOUR 


es from the bed material, leaving larger particles which become interlocked 
id more resistant to motion. This sorting and interlocking process also is 
sible in streams where the bed material is well graded. 

In the laboratory data presented here one would expect this phenomenon to 
pear in the ripple and dune formations. In fact, a plot of Fy versus Re (Fig. 
) indicates that there is adefinite relation between the type of bed roughness 
d the size of the bed material. In the low Fy - Re range the viscous forces 
the Reynolds number are important factors; where as in the higher Froude 


37 “Influence of Particle Size Gradation on Scour at Base of Free Overfall,” by Dasel 
Hallmark, thesis presented to Colorado State Univ., Ft. Collins, Colo., in 1955, in 
“tial fulfilment of the requirements for the degree of Masters of Science. 
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numbers the relation of kinetic to gravitational forces predominate, Fig. 25 
supports the discussion by the authors of the Froude number for classification 
of the bed roughness. 

One of the perplexing elements in alluvial hydraulics isthe tractive or shear 
force t onthe bed, y DS. It is often used to make the data fall into a more 
consistent pattern but is it justifiable? With the major break-throughs in al- 
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FIG, 25,—VARIATION OF Fy WITH Re 


luvial hydraulics in the last decade a better understanding of the shear for 
that is exerted on the bed and the force with which the bed Opposes shear 


related to median size d and standard deviation o is becoming increasing 
more important. ' : 


~ 
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THOMAS MADDOCK, JR.,38 F, ASCE, and W. B, LANGBEIN,39 F, ASCE.— 
Messrs. Simons and Richardson have presented unusually detailed results of a 
careful study of the behavior of water and sediment in an 8-ft flume. As the 
authors note, their set of data contain the broadest range of flow conditions 
Since those of Gilbert in 1914, Thus, these data area considerable contribu- 
tion to knowledge of the hydraulics of channels with movable beds, The authors 
are to be greatly commended for the care with which the work was undertaken 
and the clarity with which they describe what takes place in aflumeof this size 
under different conditions of flow. 

Data presented by Simons and Richardson are particularly of interest be- 
cause of the unusual number of observations at very low rates of transport, 
hat is <20 ppm or .002% by weight of water. (This is roughly about 1.2 cu ft 
# sand for eachcfs day. At this rate, a stream flowing 100,000 cfs would move 
less than 5,000 cu yd of sand per day. Such a load certainly would not be a 
murden on the stream). It is to be noted that as previous investigators have 
shown, particularly Rubey, 49 in his analysis of the Gilbert data, and Casey, 41 
he shear velocity, as described by (y D S)1/2 is not a constant but is a vari- 
ible at the beginning of motion of the bed. 

As a matter of fact, the Simons and Richardson data lead tothe inescapable 

‘onclusion that there is no such thing as a critical or threshold shear in the 
sense that such a value is aconstant for a given size and gradationof bed ma- 
erial, Rather, it would seem, there are ranges of threshold shears for each 
lume, size, and, perhaps, composition of material. This range appears to be 
function of the possible variation in depth, as well as the possible range in 
lope of the water which can be made to flow without introducing sidewall ef- 
ects. This is by no means a new conclusion but it is one which seems to be 
verlooked most frequently. Casey4! made the following observation: “If the 
riginally smooth bottom becomes riffled, thenfor constant discharge and slope 
ne water surface is raised; and thus the tractive force is increased. The 
novement of the grains is, however, opposed by the greater resistance of the 
nereasing bed roughness, The mean stream velocity decreases withincreasing 
epth, the sorting becomes irregular and the sand movement decreases or van- 
shes.” 
While it may be true that there is a critical shear velocity at the beginning 
f motion on an artificially smoothed bed, such beds never exist in nature, 
mce deformed they can never again naturally become smooth. This is the 
=2ason why ripples are always found on a streambed, once flow has receded, 
the sediment load of the stream declines more rapidly, relatively speaking, 
uan the discharge. 

The corollary to such a conclusion is, of course, that each value of shear 
| has a specific mean velocity which must accompany it. There isa 


rtain value of the friction factor — which must go along with each shear 
p 


locity. Thus “n” of the Manning equation would become a dependent variable. 


88 Hydr, Engr., U.S.G.S., Washington, D.C. 
39 Hydr, Engr., U.S.G.S., Washington, D.C. os 
40 “The Force Required to Move Particles on a Stream Bed,” by William W, Rubey, 
§S. Geol. Survey Prof, Paper 189E, 1938, ' 

41 «Ueber Geschiebebewegung, Mitteilung der Preuss,” by Hugh J. Casey, Versuch~- 
stalt f£, Wasserbau v. Schiffbau (VWS) Berlin, 1935, Heft 19. 
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At this point we are faced again with a question. If we would assume that 
roughness is wholly controlled by the bed material, this conclusion would be 
satisfactory. But hydraulic engineers for years have been judging the value of 

” at a given location for use in the Manning equation, by the appearance of 
the channel, and with a fair degree of success, too. Just what happens to the 
relationships at the beginning of motiononce artificial roughness is introduced 
is unknown or unsure, 

The Simons and Richardson data reveal a clear association of slope and 
depth at the beginning of (or at very low rates of) movement, Thus, the high- 
est values of y DS are associated with the lowest depths. Point 12 on Fig. 9 
represents a discharge with depthof but 0.29 ft. Because of the relatively great 
width-depth ratios, it is doubtful if much higher values of y DS would be as- 
sociated withthe beginning of movement in this flume. Anarrower flume might 
yield different results. 


TABLE 3,—COMPUTATIONS FOR FIGS, 26, 27 AND 28% 


No, VSD sel rv D 
(1) (7) (8) 
14 .06 
3 188 am 
11 26. 
4 66 om 
10 51 a 
22 2.0 . 
40 2.64 
26 .26 
36 .34 
27 2.35 
38 96 
44 2.69 
43 1,85 
aif 75 
35 


28 


4 Data from Table 1, not all tabulated herein, 


The smallest values of shear at beginning, or low rates, of sediment move 
ment are associated with the greatest depths. Here again flume limitations 
came into play since point 17, the lowest value of y D Safter ripples developed 
had a depth of 0.98 ft, which appears to be about as deep as Simons and Rich 
ardson cared to go. q 

Fig. 9 shows a trend in the relation between concentration and tractive for 2€ 
However, the relationship surely must be more complex, depending upon th 
division in available energy between transport and frictional resistance, 
a shows the variation in concentration in terms of slope and depth (see Tak 
3 

Lines of equal tractive force that are also drawn upon Fig, 26 show the con 
plex action of that factor on concentration, It is evident that the concentra 
is not uniquely related to the tractive force. The transport in this flume varie 
with each combination of depth and slope. For any given depth the concent ri 
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tion increases with slope, but note that the lines converge with increasing slope. 
There is evidence that the lines cross in the “transition region” so that in the 
antidune phase greater concentrations are associated withshallow depths. The 
region labeled “transition” on Fig. 26 contains those points which plot in the 
so-called “smooth” or transition region of Fig. 27. Seemingly, in this regior 
the division of energy between transport and friction is unstable. 

The authors’ conclusions with respect to data presented in Fig. 9 appear tc 
be opento question. They state, “Itis significant to note that a sudden decrease 
in T) occurredat about Cy = 2,000 ppm as the bedchanged from dunes to plane 
bed or standing waves.” Point 36 on Fig. 9 represents a discharge of 3.15 cfs 
with a depth of 0.19 ft. This is getting to the limit of feasible discharges ina 
flume because the accuracy of depth and slope measurements declines with loy 
depths. Nonetheless, it would appear that with a lower discharge and a steepe1 
slope, it would be possible to get transition flow with concentrations of about 
1,000 ppm. On the other hand, point 40 on Fig. 9 represents a discharge of 
21.41 cfs with a depthof 0,81 ft. This appears to bethe upper limit of the flume 
capacity. There seems to be no reason why a larger discharge on a flatter 
slope, were this possible, would not give a dune bed with sediment movement 
at concentrations in excess of 4,000 ppm. 

It would seem more likely that the phenomenon pointed out by the authors 
represents flume characteristics. If discharge is the same, or nearly so (runs 
38, 39, 40, 43), there is little evidence of marked decrease in shear with in- 
creasing sediment load. Moreover, the break shown on Fig. 9 does not appear 
when the data are plotted as in Fig. 26. 

Fig. 8 is of interest and even more so if sediment concentrations are plot- 
ted as athird variable, If this is done, it is clear that sediment load increases 
with increasing values of the Froude number. However, if two discharges have 
the same Froude number, the one with the largest slope has the greatest sedi 
ment concentration, The results of Simons and Richardson’s work in effe 
confirm the work of Brooks.42 Brooks’ conclusions, which, at the time, were 
the subject of much discussion, now appear to be confirmed in their a 


although not wholly by these experiments, 

The authors approach the analysis of their data by a general statement o 
the mechanics of flow and dimensional analysis, In this study there were tw 
independent variables--slope and discharge--and two pr possible three depend 
ent variables, depth, total sediment concentration and possible size distribu 
tion, All other variables, such as viscosity, specific weights, etc., were eg 
sentially constant. 

Therefore, the authors could improve their valued study by incorporat ng 
one of the few variables which can be measured, the total sediment concentrs 
tion. Total sediment concentration is not an item in Eq. 5, where, as a matte 
of fact, most of the variables are irrelevant to this set of experimental dal 
which deals with only one sandand one fluid. The authors appear to justify thi 
omission by concluding that Figs. 8, 10, and 11 are an effective means of pre 
senting inherent relations among some of the variables, ’ 

Fig. 8 is an attempt to order the modes of transport in relation to the vi 
locity and depth without, however, developing a relationship, But the idea 
perhaps similar to the treatment by Langbein.43 Data (omitting those for “ 


42 «Mechanics of Streams with Movable Beds of Fine Sand,” by Norman H, Brook 
Transactions, ASCE, Vol. 123, 1958, 


43 “Hydraulic Criteria for Sand Waves,” by Walter B, Langbein, Transactions, AG 
Part II, 1942, 
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dimensional” flow) from Simons and Richardson (Table 1) have been plotted 
(Fig. 27) on an extension of Fig. 1 of the Langbein paper. The left side of Fig. 
27 was defined by Gilbert’s data, size 0.5mm ungranular; the Simons and Rich- 
ardson data are for size 0.45 mm, median diameter of a mixture. Considering 
the slightly finer grade and the effect of the mixture, the several data appear 
consistent with the older diagram, which, in terms of slope, perhaps merits 
consideration by the authors. 

Fig. 10 is the kindof dimensionless diagram that also might be reconsidered 
because similar quantities appear on both axis. Eliminating the constant or 
near-constant quantities such as density, particle size, and viscosity, the dia- 
gram is actually a plot of VV, against V,. Since V,~ VSD, the diagram in- 


trinsically is a plot of V VS D against VS D. With this operation, it is possi- 
ble to obtain relationships between random data, or to “improve” a poor rela- 
tionship. For example, the authors say, in referring to Fig. 10, “It is of im- 
portance to note the precision with which the relation describes and system- 
atically groups the various forms of bed roughness.” It is clear that the re- 
lation cannot be general. Obviously, it applies only to the single series of the 
experiment, 

Fig. 28 shows the intrinsic relationship between V and VS D; the scatter 
obviously reflects the variations in the Chezy C, 

Fig. 29 shows the same thing, but with VS D repeated in the ordinate, Note 
the “improvement” in the definition--an improvement that is misleading. 

Fig. 30 is a plot of the same data, but the velocities were re-ordered so 
that they were entirely random. There is a definable trend, though there is no 
intrinsic relationship, 

It should be made clear that the authors are notalone in their treatment, A 
more common illustration is offered by the sediment rating curve, which is a 
plot of discharge against the product of discharge and concentration, ‘ 

Another type of artificial correlation results when products or quotients of 
variables are related against their sumsor differences. Fig. 11 is an example 
of the former, and Fig. 3 an example of the latter, : $ 

V | 


f : : Vv 3/2 . 
Fig. 11 t — : 
ig is essentially a plot of ts D) 172 Ss against he +§. Such a pro 


cedure would lead to a conclusion that there was some inherent relationship 3 
if, for example, the Manning and the Colebrook- White equations were plotted 
against each other fora limited range of data. There is aconsiderable danger 
that the relations which look so good on Fig. 11 may be overhopeful. 
The approximate equation of the line on the graph of Fig. 31 is 
pv?+110%28 _ 14 = s9.7yDs............ GE 
pv 
Rearranging this equation, we get 


¥ a5 = .01126 + .816yDS - ,00909 p v2 
p 


Notice that this is a division of two variables on one side and a subtraction 
the same two variables on the other, Yet there is no fundamental relationshi 
involved, The best we can say is that the value which results from the divis c 
of one variable by the other can be closely approximated by subtracting on 


variable from another, with the proper coefficients, of course, and add ng. 
constant, 
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Because it is frequently possible that the use of non-dimensional parameters 
may mislead one to produce inyalid correlations, the writers see danger in the 


1.80 


1.60 


1.40 


1.20 


1.24 


SDS _ 


pve 
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OV" + 110 


Numbers beside points are 
Run Numbers in Table |. 


20 


use of dimensionless parameters where observations have been madeof a 1 
ited number of variables. — 
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Mention has been made of the unique amount of information made available 
y these studies at beginning, or very low rates, of sediment movement. If we 
ke those 10 runs with no or very low rates of movement, excepting run 13 
hich does not fit the rest of the data in any type of analysis, we have only 3 
iables, D, Q, and S, allof which are measured, Regarding the very low rates 
sediment movement as being of no importance and assume that there is lit- 
e change in the sediment composition or the density and viscosity of water. 


1.0 


| FIG, 32 
| 
| 


: he relationships existing among these variables can be closely expressed 
he equation 


bE 8A tah LI RE Sain a nea eatin (19) 


32 isa Graph of this equation. Numbers beside the plotted points are the 
numbers, 

he correlation that exists in this equation is valid although the solution for 
Q and S are known, will give much better results for small slopes and low 
harges than the solution for either of the other two variables. This cannot 
2 ped because D is the most difficult of all variables to measure precisely. 
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The equation can be expressed in the form 


Z 1 
7 = 1.062VD + ap (392 - 1658) ........ (21) 


The result of this relationship is that a has little variation even though the 
term .392 - 165S is positive. Note, however, that when Q is constant, V varies 
with S, there being a greater degree of variation for small values of Q than 
large. 

It is to be doubted that this relationship would be found if V D were assumed 
to represent a Reynolds number. Who, at the outset, would assume an inverse 
relationship between V and V D at the beginning of motion? Whether the re- 
lationship is meaningful in terms of classical hydraulics is something else 
again, but it is unquestionably true, as Eq. 21 and Fig. 26 indicate, that y DS 
is not a constant at the beginning of motion on the bed of a stream. 

To summarize the results of the Simons and Richardson studies, it seems 
that once a certain combination of discharge and slope are given, the bed of 
the 8-ft flume, if it is originally smooth, will begin to deform, As deformation 
proceeds, the friction factor increases and the Chezy coefficient decreases, 
This adjustment will take place with no or extremely low amounts of sediment 
in motion after equilibrium is reached. With increasing discharge the sedi- 
ment begins to move at increasing rates, until the dunes are washed out. During 
this stage the frictionfactor decreases and the Chezy coefficient increases with 
increasing discharge. With further increase in discharge, the sediment load 
increases rapidly, but the friction factor now increases and the Chezy coeffi- 
cient declines. : 

It appears that differences in the bed configuration result in differing val- 
ues of the shear velocity at beginning (or low rates) of sediment transport, 
There is arelation between mean velocity and discharge if slope is known, how- 
ever, and without doubt other relations may be found with further study. The 
complete range of shear velocities under which sediment of the size and com- 
position used by Simons and Richardson may beginto move cannot be measur ed 
in the 8-ft flume because of limitations of discharge capacity, flume depth, o 
width-depth ratio, ; 

As a general comment on methods of analysis presented by Simons and Rich- 
ardson, one may question whether non-dimensional analysis may be relied o1 
to assure the maximum information being derived from the excellent data ava il 
able. Considering the advanced state of work in thefieldof sediment transport, 
there should be little need to draw trend lines through clouds of points, t us 
obscuring many significant details. Non-dimensional analysis has its advan- 
tages, but when it is used to create artificial groups of variables for graphica 
treatment, something inherent is lost. The fault is not with graphical treat 
ment, but with the forced association of variables. Some reconsideration cov 
profitably be givento a methodof analysis that resolves the separable and joil 


action of each independent variable, and thus achieves the kind of results th 
this excellent piece of research deserves, 


R, HUGH TAYLOR, JR.,44 A, M, ASCE, and NORMAN H. BROOKS, 45 
ASCE,—The authors are to be commended for their comprehensive experimé 


44 U.S. Geol, Survey, W. M. Keck Lab. of Hydr. Water Resources, Calif, Inst. 
Tech,, Pasadena, Calif, 4 


45 Assoc, Prof. of Civ, Engrg., W. M.Keck Lab. of Hydr, and Water Resources, 
Inst. of Tech,, Pasadena, Calif, 
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il program on sediment transport at the Colorado State University under spon- 
orship of the U. S. Geological Survey. Their experiments are valuable be- 
ause they have been conducted in an 8-ft wide flume which is larger than any 
Iting flume used heretofore in sediment transport studies. The data which 
ey are collecting, not only for the 0.45-mm sand reported on in the paper, 
it for all the sizes used in their program, will be of lasting value to the pro- 
Ssion. For the record the writers ask in what form the complete record of 
eir experiments will finally be published. 

In the analysis and interpretation of the experimental results there are a 
umber of points which warrant discussion. Under the section “Theory of Flow 
Alluvial Channels,” the authors have not actually presented a theory but only 
me dimensional analysis, leading to Eq. 6. To apply dimensional analysis 
nsibility to the roughness problem requires selection of the pertinent vari- 
les; but furthermore one must be careful to assume the correct number of 
nctional relationships. In other words there may be more than just one de- 
ndent variable, as several relations may have tobe satisfied simultaneously, 

For example, the writers believe that for natural rivers the bed-material 
diment discharge ( Qs) should be included as another independent variable, 
cause field evidence shows that river behavior changes significantly witha 
ange in Q, supplied to a reach, The transport relation is strongly inter- 
cked with the flow relation, and neither one can be properly considered with- 
t the other. Thus in Eq. 1 variables such as B, V, and S cannot be consid- 
ed to vary at will as independent variables, but are constrained by other un- 
sentioned relations such as a transport equation. Hence a simple listing of 
> variables is notas important as a careful consideration of the constraints, 
lich at the present state of knowledge are none too clear. 

However, one redundancy is apparent in Eq.6. Because the drag coefficient 
> the particles Cp is the same as for spheres (because the fall diameter d 
used for the characteristic length), Cp is a functionof the particle Reynolds 
mber, namely 


Sr ait (eS) gschin go no aioe toed soeeg OD) 


which f is the experimentally determined curve given in any elementary text- 
ok. Rewriting, 


wd Weds v DD 
V ViD vy 


: = (F)(G) Be) eee e cece eee eee (23) 


= last three parameters in parenthesis are given in Eq. 6, so Cp, a known 
tion of the preceding product, is superfluous; that is, Cp is already a de- 
dent variable by another relation not expressed. 

ally, dimensional analysis should give dimensionless combinations which 
convenient, Since the paper is on resistance to flow, a dimensionless fric- 
factor such as the Darcy-Weisbach f should be used instead of slope S in 
i thermore, in the tabulation of experimental values (Table 1) it would be 
_ helpful if the authors would give the computed roughness coefficients, and 
g-values, upon which the subsequent discussion in the text is based, The 
wement of data in Table 1 according to increasing slope values is nota 
vence with increasing roughness or shear because of the variable depth, 
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Bed Forms.—In the list of forms of bed roughness, “Plant bed and water 
surface” has been placed under the “Rapid flow regime, F,, >1.” While this 
may be true for their flume experiments (although none in the category are 
cited in Table 1) it should be made very clear that F, > 1 is not a necessary 
conditionfor existence of a plane or flat bed. When there is no strong coupling 
between the bed and water surface profiles (as there is for standing waves or 
antidunes), the Froude number is a minor or irrelevant parameter because of 
the absence of a local gravitational effect on the flow pattern, For the plane 
bed condition it isonly necessary to have velocities near the bed of such mag- 
nitude that a dune, if one were to form, would be “sheared” off. The stability 
of the sand surface depends on the magnitude of the local fluid forces relative 
to the resistance of particles to motion, and should not be sensitive to depth, 
Since the Froude number does depend on depth, and does not dependon the sand 
characteristics, it isan illogicalparameter for describing bed forms which are 
not coupled with surface waves. 

This brings us to the crucial weakness of the authors’ entire method of de- 
scription of the various bed forms in alluvial channels under “Observed Flow 
Phenomena.” In attempting to make their description appear more generalized 
they have used the dimensionless quantities d/o and F, as criteria for separ- 
ation of the various types of bed forms (for example, “transition” occurs when 
“d/ot > 2 and 0.6 <F, <1.0”). The citing of dimensionless values has merit, 
not a priori, but only if they are meaningful over a significant range of condi- 
tions. Because thereis no physical reasoning to support the use of these para= 
meters, and the cited values are easily proved to be lacking in generality, their 
use obscures the solution to the problem rather than clarifying it, ¥ 

As indicated previously the Froude number has relevance only forthe stand- 
ing wave and antidune cases. It means very little to say that ripples change to 
dunes at F, = 0,28; the authors would maketheir point more clearly by statir 
that dunes begin at a mean velocity of about 1.40 fps for their experimen 
With change to another flow system of a different depth but with the same sz d, 
the velocity at the point where ripples become dunes is more likely to be about 
the same actual value cited above than a new value computed from Fy = 0,28, 

Consider now the parameter d/o", the ratio of the grain size to the so-call ed 
thickness of the laminar sublayer, Whenthe bed is covered with ripples, dunes, 
or other form resistance, o' lacks physical interpretation, but still canbe com: 
puted by the relation 


LTGP yy 
to = . 
o Voity tines sir Snipe tals panne tai 
Consequently 
dv 
ft = * 5 
d/o AAAs Aoi cadena 


Now for example the authors state that motion begins when d/o’ was betwet 
0.48 and 0.53. By Shields’ graph46 the initiationof motion could begin at val ue 
of this parameter ranging from say 0.2 to 50 or more depending on the prop 
erties of the particles andof the fluid. (By comparison T9/A Ys d ranges fre 
0.035 to 0.07 as a functionof d/o"). Whether the boundary is hydrodynamica 
smooth or rough (as determined by the value of d/o" ) is irrelevant; the que 
tion involves the balance of forces on the particles. ‘ 


46 “Sediment Transportation,” by C. B. Brown, Engineering H draulics, 
Rouse, Wiley, New York, 1950, p. 790. 
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The features which the authors call ripples have been called dunes in the 
ast by the writers in describing laboratory experiments at the California In- 
titute of Technology4?, 48 (CIT). The larger features called dunes by the au- 
hors have not beenobserved at CIT, because of depths limited to 0,5 ft or less, 
nd widths of 0.875 ft or 2.79 ft respectively in two flumes. They may be re- 
ated, however, to what has been described as sand waves, which were features 
ith long flat tops, and not three-dimensional in plan as shown by Fig. 4. Ap- 
arently there is no essential difference between ripples and dunes other than 
ize, but it is curious that there is no gradual gradation from ripples to dunes. 
till much larger dune-type features have beenobservedin rivers (as by Carey 
nd Keller49 on the Mississippi River). Perhaps for a given sand only cer- 
uin ranges of dune (or ripple) heights and wave lengths are possible, with ap- 
earance of the large set(s) suppressed by inadequate depth or width. If this 
3 SO, it makes the roughness analysis and modeling of alluvial channels a very 
‘oublesome problem, which cannot be resolved by laboratory work alone, 

The general description of antidunes and standing waves agrees well with 
ecent research at CIT by John F, Kennedy59,51 on the mechanics of these 
aves, Sponsored by the Agricultural Research Service, It may be noted that 
atidune behavior is considerably influenced by the grain size, as well as the 
slocity. For example, Kennedy found that for 0.23 mm sand, the friction fac- 
r f consistently rose as F, increased, due to heavy wave breaking, but that 
r 0.55 mm sand, f decreased as V increased because the amplitude of anti- 
ines decreased, and wave breaking was less important thanfor the more easily 
ansported 0.23mm sand, Also for 0.55mm sand, a flat bed regime was found 
lowing antidunes with increasing velocity (at F, ~2); but for 0.23 mm sand 
is regime was not found. 

In Fig. 8 there are a number of runs listed as “Standing Waves” (Runs 28, 
, 33, 34, 35, 37, 38, 39, 41), but in Table 1 these are all listed as “Transi- 
mn.” Clarification of the bed configuration is needed for these runs. 

Analysis of Roughness by Authors.—At the end of the section “Analysis of 
ata,” the authors present Fig. 11 (Eq. 9) which, it is claimed, can be used to 
mpute C/Vg (or simply V8/f ). Since C/Vg does not appear explicitly, one 
ay instead seek S by trial and error, given depth, velocity, and sandand water 
operties. It must be noted that this curve is by no means general, but ap- 
ies only for the particular sand and flume used by the author. 

To see how well Fig. 11 allows the slope to be determined, trial-and-error 
lutions for S were attempted for several of the reported runs, assuming 
erything known by S. Fig. 33 shows the curve of Fig. 11, together with two 
ner curves, each of which is obtained by assuming arbitrary values of S while 
ing the depths andvelocities reported for the runs indicated (runs 12 and 40). 


47“Mechanics of Streams with Movable Beds of Fine Sand” by N. H. Brooks, Trans- 
ions, ASCE, Vol, 123, 1958, pp. 526-594, 

8 “Laboratory Studies of the Roughness and Suspended Load of Alluvial Streams,” 
V. A, Vanoni and N, H, Brooks, Sedimentation Laboratory, Calif. Inst.of Tech,, Pa- 
ena, Calif., Report E-68, 1957. 

49 “Systematic Changes in the Beds of Alluvial Rivers,” by W. C, Carey and M, D. 
ler, Proceedings, ASCE, Vol. 83, No, HY 4, August, 1957, ve 
50 “Stationary Waves and Antidunes in Alluvial Channels,” by den Bie Kennedy, thesis 
sented to the Calif, Inst. of Tech., Pasadena, Calif., in 1960, in partial fulfilment for 

degree of Doctor of Philosophy. : 

1 “Study of Relations between Transportation of Sediment and Hydraulic Characteris- 
of Streams,” by J. F. Kennedy, Keck Lab, of Hydr. and Water Resources, Calif, Inst. 
[ech., Pasadena, Calif., Report KHWR-6, in press. 
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The assumed values range from 0.1 to 10 times the observed slope, For de- 
finitive trial-and-error solutions, of course, these curves should have well 
defined intersections withthe givenfunction. Unfortunately this is not the case, 


Legend 


Trial solution, run 12 
— — Trial solution, run 40 
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FIG, 33,—AUTHORS’ FIG, 11, SHOWING IMPOSSIBILITY 
Ee Sp lara ay SOLUTIONS FOR 
PE 


The trial curves shown represent a variation of a hundredfold in assumed. 
values and still lie within the belt of scattering of the data points upon whi 
the function is based. Several other runs were tried, with similar results. 
must therefore be concluded that Fig. 11 is of no helpin the estimationof slc 
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w friction factor). The indiscriminate juggling of relationships may thus, as 
this case, lead to relations more nearly approaching disguised mathematical 
entities than physical laws. 

That the same conclusion holds for Fig. 10 is evident when it is noted that 
ich of the variables contains slope to the one-half power. Thus the “trial” 
irves are straight lines whichslope upward to the right at 45° and which like- 
ise have rather unsatisfactory intersections with the zone within which the 
ita lie. 

An Alternate Analysis of Roughness.—Inclear-water flowin pipes or inopen 
annels with rigid boundaries, the slope of the energy grade line may be de- 
rmined by means of the Darcy-Weisbach friction factor, f, which is a well- 
tablished function of the Reynolds number andof the relative roughness (and 
usually expressed in a pipe friction diagram). If the flow is in an alluvial 
annel, however, the problem is complicated by the presence of additional 
uses of energy dissipation, such as the turbulence in the wakes of dunes and 
pples on the moveable bed, Hence Einstein andothers have chosento appro- 
m the total boundary shear stress T, into a part, T'9 due to grain roughness 
d the additional part, 7'', due to form drag, so that Toe Tio tit ‘oo. Since 
,=y 1 S, this partition requires some partition either of the hydraulic radius 

of the slope (or of both). If the hydraulic radius is partitioned, following 
nstein and Barbarossa, 52 the results are two virtual channels of the same 
ype and flow velocity but of different geometries, giving rise to a certain 
1ount of intuitional difficulty. If, on the other hand, the slope is partitioned, 

Meyer-Peter and Muller53 proposed, one can write S = S' +S", and visu- 
ze S' as that energy slope necessary for the given flow to overcome the re- 
stance due to the grain resistance on a flat bed, where S'’ would be the ad- 
ional energy slope necessary to enable the flow to overcome the form drag 
used by the bed configuration. 

This being the case, the ratio of the true slope to that corresponding to the 
ain drag only (S/S') would be a simple measure of the energy dissipation 
Sing out of the alluvial nature of the stream, as related to that expected in 
‘ar-water flow over a flat bed. Furthermore, to the extent that most of the 
litional dissipation arises from form drag, S/S’ could be a useful descrip- 
n of the bed configuration itself. Since the Darcy-Weisbach friction factor, 
or open channel flow is defined as 


| sag 
which r is the hydraulic radius, and V is the mean channel velocity, then a 
"responding friction factor, related to the grain resistance only, may be de- 
ed as 


DO hk RRS ee ew ee Oe 
y2 
ce, 
| shes rds Sh da et. APs hex weet OS 


st f? eb el ction s 26 
thus the ratio f/f’ has the same physical significance as S/S'. 


“River Channel Roughness,” by H. A. Einstein and N, L, Barbarossa, Transactions, 
, Vol, 117, 1952, p, 1121-1146, 

hd Formulas for ipadeieed Transport,” by E, Meyer-Peter, and R, Maller, Inter- 
Assoc. for Hydr, Research, Second Meeting, Stockholm, Sweden, 1948, pp. 39-65, 
§ 4 
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According to the definition of S', f’ is simply the friction factor for clea1 
flow over a flat bed with grain roughness only. Hence a reliable value of f' 
may readily be found from the Moody pipe-friction diagram, using 4 r in place 
of the pipe diameter, and taking the equivalent sand roughness € to be the mear 
grain size of the bed material. (Some investigators say that the equivalent 
roughness is bigger than the mean size (for example, the 65% -size is advo- 
cated by Einstein52): this may well be true, and further research is needed or 
this point, but it is of minor importance here). Namely, 


ft = (Re, Ts) Pete Ley adie eR (29) 


Thus to compute the value of the ratio f/f" from measured data one has only 
to divide the f of Eq. 26 by the f' from the pipe friction diagram. 


TABLE 4,—FRICTION FACTORS AND f/p FOR AUTHORS’ DATA 


Run Form of Bed} Run Form of Bed 
f/¢ | Roughness2| No. Roughness® 
(5) (10) 


14 Plane Dunes 

17 Ripples Dunes 

16 Ripples Dunes 

13 Plane Dunes 

15 Ripples Transition — 
18 Ripples Transition — 
2 Ripples Transition — 
3 Ripples Transition 
9 Ripples Transition 
1 Ripples Transition — 
5 Ripples Transition — 
alii Ripples Transition 
4 Dunes Transition — 
8 Ripples Transition — 
7 Dunes Transition 
10 Ripples Transition 

6 Ripples Transition — 
12 Ripples Transition 
19 Dunes Antidune 

21 Dunes Antidune 

22 Dunes Antidune 

25 Dunes Antidune 


Antidune 


2 From Table 1, 


Ideally one would expect f/f" to be near unity when the stream bed is f a 
and much higher when the bed is dune-covered, In the situation where su 
pended load dampens the turbulence, one could even expect values of f/f! to ] 
less than one.48 These expectations are very clearly demonstrated by the a 
thors’ data, Table 4 shows the values of f, f', and f/f" computed from 
data (Table 1). It will be seen that a value of f/f" = 2 very neatly separat 
the runs with bed forms (for example, dunes or ripples) from those either wi 
out bed forms or with only the gradual sinusoidal variations of the type as 
ciated with standing waves or antidunes. 
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There are two advantages which ma 
ter. The first is in the matterof te 
[ predicting roughness, 


y be realizedin theuse of the f/f* param- 
rminology, and the secondis inthe problem 
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Depth of flow, D, in feet 


___ FIG, 34,—VARIATION OF f/f! WITH VELOCITY AND DEPTH FOR 
. 0.45 mm SAND IN CSU FLUME ACCORDING TO AUTH- 
i ORS’ DATA 


present situation with respect toterminologyfor description of bed con- 
ions is unsatisfactory. A list of all the terms which have been applied in 
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the literature is a long one, and in current use one can find a laboratory call- 
ing a ripple the same form that another calls a dune, while the latter uses the 
term “dune” to refer to something else again, Rather than depending solely on 


Legend 
@ Flat bed 
+ Dunes 


Value of wae shown 
beside each point 


CIT data 
dg =0.137 mm, 
Oz =1.38 


Mean velocity, V, in feet per second 


“Oil 0.2 0.3 0.6 
Depth of flow, D, in feet 


FIG, 35,—VARIATION OF £/f ‘WITH VELOCITY AND DEPTH FOR 
0.14 mm SAND IN CIT FLUME 


an agreement on terminology as a necessary step in the quantitative anal\ 
of roughness, it would seem that a more fruitful approach would be to u 
numerical quantity which can be objectively determined, In such a case 
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se of curves for alluvial open-channel discharge (Liu and Hwang, 54 for ex- 
mple) would not require both a predictionof the bed forms to be expected and 
Iso a knowledge of what particular term had been used to describe them. 


TABLE 5,—DATA FROM RUNS ON CALIFORNIA INSTITUTE 
OF TECHNOLOGY SAND NO, 4 


Bed Con- 
figuration 


0.77 
0.90 
1,07 
1,28 
1.40 
1,44 
1,39 
2.07 
| Pike! 
12 0.80 
5 1,04 
10 P29 
11 1,49 
13D2 72 Dunes 
16r2 2,39 Flat 
f 2.53 Flat 


0,91 3.63 

1,14 5,13 

1,35 4,55 Dunes 
1,45 Sail Dunes 
1,47 Pye Dunes 
aO7. 1,87 Flat 
ZeL5 1,19 Flat 
2.13 1,19 Flat 
2,21 1,19 Flat 


| D = dune section in run with long sand wave, F = flat section in run with long sand 
i No side-wall correction made. 

“Mechanics of Streams with Movable Beds of Fine Sand,” by N. H. Brooks, Trans- 
ms, ASCE, Vol. 123, 1958, pp. 526-594, 

“Laboratory Studies of the Roughness arid Suspended Load of Alluvial Streams,” by 
- Vanoni and N, H, Brooks, Sedimentation Laboratory, Calif. Inst, of Tech., Pasa- 
, Calif., Report E-68, 1957, 

“Study of Relations between Transportation of Sediment and Hydraulic Character- 
} of Streams,” by J, F. Kennedy, Keck Laboratory of Hydraulics and Water Re- 
es, Calif, Inst. of Tech., Pasadena, Calif., Report KHWR-6, in press. 


ecause the principal reason for wanting to know what bed form wiil be found 
r given conditions is so that the friction factor can be estimated, it is use- 


: “Discharge Formula for Straight Alluvial Channels,” by H.-K. Liu and S.-Y, Hwang, 
dings, ASCE, Vol, 85, No, HY 10, October, 1959, pp. 65-98, 
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ful to have a means of estimating the friction factor directly. In connect with 
a roughness relation, moreover, it would seem unnecessary to distinguish be- 
tween those features the authors call “ripples” and those they call “dunes,” 
(While these situations are clearly different with respect totransport, they are 
similar as far as roughness is concerned). It is therefore suggested that an 
objective, numerical quantity is a necessary part of the description of a bed 
configuration, and that the value of f/f" is a measure suitable to this purpose, 
It is hardly necessary to say that such a value in itself is an incomplete de- 
scription, in the same way that the verbal description, in itself, is also incom- 
plete. 

The second advantage which the use of f/f' may offer is in predicting the 
roughness which may be expected for given flow conditions. A number of in- 
teresting ideas are suggested by Figs. 34 and 35, which show f/f" as a function 
of depth and velocity. Fig. 34 uses data for the authors’ experiments, d = 0,45 
mm, (runs 13 and 14 have been omitted because there is no transport and the 
flat bed was artificially prepared). Fig. 35 uses data from experiments (2, 3, 
6) made at the California Institute of Technology on a finer sand (geometric 
mean, dg = 0.137 mm). (Tables 4 and 5 respectively.) First, it will be noted 
that the variationof f/f' seems fairly regular, especially when it is remembered 
that as a percentage of the actual friction factor a difference between f/f' val- 
ues of 2 and 3 is much greater than between f/f' values of 6 and 7. Second, it 
is interesting to note that the separation between dune-type bed configurations 
and flat configurations occurs at about the same f/f" value in both sands. ¥ 

The directness and simplicity with which f may be estimated fora given 
depthand velocity may be illustrated by the following example. Suppose it were 
desired to estimate the friction factor for a flow over the authors’ sand if the 
depth were 0.8 ft and the velocity were 2.5 fps. From Fig. 34, f/f" would be 
about 3, and a rough (dune or ripple) bed would be expected. Taking the meal 
diameter for the effective roughness height and assuming v = 10-5 sq ft pe 
sec, the relative roughness, ¢/(4 1), is .00055, and Re=4r V/v = 940,000; 
for these values the pipe friction diagram gives f' = .05, approximately. Th 
slope can be determined by substituting directly intothe definition of f, Eq. 2€ 
in this example, the result is about S = .0015. : 

Further research on the roughness problem is urgently needed, It may B 
hoped that continued flume studies like the authors’ and more field investiga. 
tions will make a comprehensive and logical roughness analysis possible intl 
future. 


LUCIEN M. BRUSH, JR.,°5 M. ASCE.—This paper should be of interest 
geologists as well as hydraulic engineers. Of importance to engineers is t 
accumulation of knowledge concerning resistance through controlled flur 
studies. The present-day inability to predict resistance in alluvial channé 
frequently has led tothe inadequate design of channels and has greatly hind or 
progress in the field of sediment transportation, Geologists should find t 
description of bed forms and their associated sedimentary structures use 
in attempting to evaluate past environments. Certain features of both the h 
draulic and geologic implications of this paper deserve additional comm 
and will thereby form the basis of the discussion. 


55 Research Engr., Iowa Instit, of Hydr, Research, and Assist, Prof., Dept. 
Mechanics and Hydr,, State Univ, of Iowa, Iowa City, Iowa. 
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Geologic Ramifications.—One of the aims of geologic investigations of sedi- 
sntary rocks is to infer the past history or environment of deposition, Ad- 
ttedly this is difficult to do because the original fluid is no longer present 
rocks. However, it is not uncommon to have sedimentary structures pre- 
rved in the rocks and these structures are often identical to the ones shown 
the authors for dunes in Fig. 2. If it isassumed that physical processes in- 
ving the flow of water over alluvial channels obey the same laws of physics 
lay as in the geologic past, much may be inferred from sedimentary struc- 
es found in rocks. For example, the basic sedimentary structure shown by 
authors in Fig, 2 for dunes consists of thin horizontal strata of fine sedi- 
nt overlain by coarser sediment arranged in parallel strata inclined at an 
sle approximately equal to the angle of repose of the sand, Geologists fre- 
ntly encounter this structure in sedimentary rocks and denote it as planar 
SS-Stratification or torrential cross-bedding, For rather poorly founded 
Sons, geologists usually associate this structure with torrents (high veloc- 
streams on steep slopes) found in arid regions. Obviously, this interpre- 
on is subject to question, because dunes and their associated structures 
shown by the authors and others to vanishas the Froude number approaches 
- Thus, planar cross-stratification would be the rule (subcritical flow ) 
1er than the exception (supercritical flow) for flow in alluvial channels and 
1d hardly be typical of high-velocity streams on steep slopes. 
[he preceding example is just one of. many that may be derived from studies 
une structures and their associated hydraulic environment. For example, 
atistical study of the spatial orientationof the planes of inclinedstrata would 
w estimates to be made of the local, as well as the mean-flow direction of 
stream. Furthermore, although the authors have not made this clear, the 
srlying horizontal layer of fine sediment is absent if there is no appreciable 
unt of suspended load present. The authors have failed to show the details 
1e bedding structures associated with ripples but it has been found by the 
er that the ripple structure also consists of inclined strata similar to those 
ned by dunes. The mineralogical content of the underlying horizontal layer, 
h represents at least a part of the suspended load, and the mineralogical 
ent of the inclined strata, which represent the bed load, are alsoof geolog- 
importance because proper identification of these minerals would enable 
ctions to be made as to the source areas of the sediment being transported 
1e streams, 
bviously, a complete and detailed reconstruction of the hydraulic charac- 
tics of a stream is, most probably, beyond reach, but many possibilities 
encouraging and others remain to be explored. The authors have not 
porated the quantitative aspects of dune and ripple geometry into their 
ta Thus, one cannot tell whether or not the bed configuration as repre- 
d by sedimentary structures might yield still more information that the 
gist could use in attempting to reconstruct the past. 
draulic Considerations .—The failure of the authors to employ parameters 
ibing the dune geometry and to use them in subsequent plotting detracts 
hat from the problem at hand, but in all fairness it must be recognized 
detailed description and classification of bed regimes is a step in the 
direction and that the paper serves to reemphasize the need for additional. 
Ss of dunes, in particular, their geometry and limiting size for various 
Onditions and particle size distributions. 
2 relationship shown by Fig. 10 is by farthe most important of those giv- 
rardless of the scattering of some of the points and overlapping of some 


} 


¥ 
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of the regimes. In fact, if this relationship should stand up for different par- 
ticle size distributions, the need of worrying about regimes would be reducet 
vastly because all the pertinent flow characteristics usually needed for desig 
purposes would be available. For example, given d, Ys, Y¥, and v and assuming 
any two of the remaining variables, slope, discharge, and depth are known, thi 
remaining variable may be obtained by using Fig. 10. Furthermore, as is show 
by the authors, the relationship is directly related to boundary-layer theory 
Additional studies, of course, will be necessary to substantiate the validity o 
this relationship for different particle size distributions. 

In contrast, the significance of Fig. 11, which may be expressed by the equa. 
tion shown on the figure, is difficult to determine despite the fact that the re 
lationship has much less scatter than the usual plots involving sediment. Th 
authors’ use of the Froude number as a term in the abscissa is difficult to un 
derstand in that more than half of the runs were made for subcritical flow. I 
addition, it is extremely difficult to grasp any physical significance tothe com 
binations of the basic parameters used by the authors other than their dimen 
sional homogeneity. If the authors could show a rational analytical develop: 
ment leading at least part way tothis result, Fig. 11 wouldassume more mean 
ing. 

Although progress in alluvial channel roughness has been extremely slow 
the authors have obtained data which should be of extreme usefulness to every 
one in the field, both because of the wide range covered during the experime 
and because the model channel is nearly stream-size in scale. nae 
geometric details of the bed configuration must also be included in the analys : 
and it is hoped that the authors will be successful in performing this task. © 
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SEDIMENTATION ASPECTS IN DIVERSION AT OLD RIVER@ 


Discussion by Russell Woodburn and T. Blench 


RUSSELL WOODBURN.4—Mr. Toffaletihas shown that for discharges below 
ut 400,000 cfsthe Atchafalaya River has about the same sediment transport 
ential from its head to Krotz Springs, Mile 41. For discharges above 400,000 
the transport capacity increases downstream. Under the conditions de- 
ibed there is little opportunity for increased flow downstream. Channel 
radation would, therefore, be expected and was noted by the author. 

Mr. Toffaleti is to be commended for his efforts in devising modifications 
le Einstein Transport Theory to fit actual sediment concentrations as found 
1e Atchafalaya channel. 

‘he author has made a significant contribution to potomology in applying 
ment transport theory to explain the behavior of a river and to rationalize 
forecast future activity. 

‘he writer regrets that the author didnot include details of the computations 
>diment transport for the three reaches in question showing the modifica- 
3 of Einstein’s theory to fit actual sediment loads. 


. BLENCH,® F. ASCE.—The writer appreciates the desirability of esti- 
ng sediment-transporting capacity as part of a program for analysing an 
ing state of regime. He does, however, feel that available methods make 
trustworthy by itself, even in a case in which an offtake should obviously 
developed into main river long ago but for site peculiarities and, presum- 
major interferences by man. The writers objections are that (1) any 
od of computing has to rely on formulas based on experiments to small 
> in the laboratory with straight uniform flumes and clean water, and (2) 
load cannot be measured accurately in normal routine. The writers own 
nrule6 is that the slope of a meandering river is of the order of twice that 
canal of the same discharge carrying the same bed-load. That there is 
agreement between computation and very special observations has been 
mstrated by Colby and Hembree” and although the use of the rough two- 
3 Slope rule brings their initially most discordant formula (Straub’s) into 
ively good agreement, on an average, daily comparisons scatter greatly 


‘une, 1960, by Fred B, Toffaleti. ; 
Jir,, Sedimentation Lab., Agric, Research Service, U. S. Dept. of Agric., Oxford, 


-rof, of Civ. Engrg., Univ. of Alberta, and Pres., T, Blench & Assoc., Cons, Hydr, 
Regime Behavior of Canals and Rivers,” by T,. Blench, Butterworth’s, London, 
ns 6,28, 4,13, 6.27, 4.20, 

Computations of total sediment discharge, Niobara River, near Cody, Nebraska,” 
R. Colby and C, H, Hembree, U.S.G.S. Water Supply Paper No, 1357, p, 57, 


‘ 
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all formulas. Insofar as transport seems to vary roughly as the square of 
pe, the two-times rule indicates that use of slope taken directly from alength 
y affected by meandering can give about 4 times the correct answer. A 
newhat more precise way to assess the possibility of error from unadjusted 
pe is to start from the range of bed-load charge, C, in parts per 100,000 by 
ght. Using the fact that a cusec-year of water weighs 986,000 tons, 106 tons 
roximately, we can deduce that the average charge, C, for a yearly average 
charge of Q cfs, and X milliontons of bed-load transport is 105 X/Q, Using 
dle 1, period 1950, the average charges of Old and Atchafalya Rivers are 
n 5.699/1.95 and 8.531/2.97, bothroughly equal to 3.0. Atabout this charge, 
) curves® show that halving observed slope to obtain effective slope would 
Pp computed charge to 1.0, and multiplying slope by 2/3 would drop computed 
rge to 2.0. This does not pretend to be an accurate computation, it rests 
gely on the same basic data and idealizations as rival formulas, but it suf- 
s to indicate the possibility that agreements and differences among the 
ves of Fig. 3 might owe something to the differences in meander pattern 
ong different reaches of the river at different stages. Apart from slope er- 
the well known phenomenon of turbidities of even 1% by weight altering the 
arent roughness of a river or canal appreciably should also cause some 
tion in interpreting the indications of Fig. 3. Further, the estimation of load 
n there is overbank spill might have some inaccuracies. Perhaps the au- 
- would explain how the Atchafalya, that seems to be enlarging its head reach, 
ld have its greatest sediment charge capacity in its downstream reach at 
ch the products of enlargement might be expected to be depositing. Such 
xplanation might throw considerable light on how engineering actions may 
= contributed to the river’s present state. 

Joubts about accuracy of measurement and formulas do not alter the need 
an analysis such as presented, but the writer would like to draw attention 
n Indian method of analysing, very simply and clearly, the actual changes 
egime in a river system. This method, used with necessarily speculative 
hods, wouldenhance the utility of all. The method is to plot specific gauges 
ll river gauging sites as a routine. A specific gauge is the gauge corres- 
ling to a specific discharge, 500,000 cfs forexample. Usual Indian practice 
yplot, for every year of record, at every discharge site, the gauges for 
ral discharges during both rising and falling stages (although they allnor- 
y show the same regime trends). The method and its uses have been pub- 
sd by Inglis, 8 from whose work Fig. 7 is taken, and a principal use to an- 
@ the regime changes due to barrages on the Indus system has been pub- 
:d by Foy.2 Such records show aggradation or degradation, normal annual 
uations due to sediment movements, effects of cutoffs, dikes, and dams at 
nce. 

is suggested, for reasons obtainable elsewhere, & that the capacity analysis 
tt be supplemented by that of the Mississippi and by an analysis of the dis- 
tion of bed-material median size throughout both rivers from just up- 
im of their junction to the sea. 


EE 
I 1s),” by C. C. 
‘The Behaviour and Control of River and Canals (with the aid of Models), 

3, Government of India Central Waterpower, Irrigation and Navigation Research 


Poona, India, 1949, p, 179. ; 
‘Regime Level Changes in the Indus System, Part 17 by T. A. W. Foy, Punjab Irrig. 


sh, Paper No, 16, Class B, Lahore, Pakistan, 1944. 
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DRAG AND LIFT ON SPHERES WITHIN CYLINDRICAL TUBES@ 


Discussion by Emmett M. Laursen and Egidio Indri 


EMMETT M. LAURSEN, ? M. ASCE.—The author deserves compliments for 
simple ingenious equipment and technique developed for this investigation 
the drag and lifts on spheres within cylindrical tubes. Not only did the tech- 
ue permit the successful completion of his study, but with modifications of 
equipment it may be possible to extend the investigation tothe forces at the 
inning of movement of sediment under even more realistic boundary con- 
ons. 

Although it is always dangerous to extrapolate empirical relationships such 
those presented here, if it is understood that such extrapolation is strictly 
culative, it can be interesting. At small values of d/D which would be more 
criptive of the sediment problem, the definition of Cp and Cj, on the basis 
he shear velocity rather thanthe mean velocity inthe tube wouldseem pref- 
ble. Similarly, a Reynolds number based on the shear velocity and the di- 
ster of the particle could replace the Reynolds number of the tube. 


wel 2 
— Beans eh Ray ae ee ees wt (16) 
L=Cy pAv2 
i Ba ee Cy See (17) 
1 
=V,d 
Ra NE RN Aenea, (18) 


fhe relationships forthe newly defined drag and lift coefficients, equivalent 
qs. 14 and 15, can easily be obtained as: 


Ch = sated ey” cr (ay + | han yee (19) 
cr cl Ex (ay + 20 | Nees (20) 


/D becomes small, the first term in the bracket can be neglected, sim- 
ing the expression somewhat. It is also interesting to note that the ap- 
nt Reynolds number effect is changed by the new definitions, but that the 
) of drag to lift still has a limiting value of 4. 


June, 1960, by Donald F, Young, 
Assoc, Prof, of Civ. Engrg., Michigan State Univ., East Lansing, Mich. 
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Assuming for the sediment particle in Fig. 9 that the force F, the resultan 
of the drag and lift, is approximated by the relationships for a sphere, a sum 


FIG, 9.—FORCES ON A SEDIMENT PARTICLE 


mation of moments about the point about which the particle would roll resu 
in: 


" 
W'kyd=Fkod 

and v2 
V17 10 14/3 /D 4/3 wi 

(‘5 = 2) kg a3 ky d= on 39 Ra / (?) p k4 d2 2 Ko Cac cache ete (22) 


in which kg and ky are volume and area coefficients, respectively. In terms ¢ 
Shields’ parameters, Eq. 22 can be reduced to: 


Te _k1k3 256 aypr/3 (23 
(7s a y)d kg k4 10 17 OR a. Oe 'e elias jad elo B 


Now, if d/D be considereda constant, the relationship between the critical tra¢ 
tive force and the particle diameter will be: 


To & a i/5 


However, if considering the critical tractive force for various sized particl 
in the same tube, the relationship is instead: 


To « 43/5 


Which of these speculative interpretations is the more valid is impossible 
Say, neither agree with White (Te o a) or Shields8 ( Tx 5‘). Perhaps the o1 


8 «Sediment Transportation,” Ed., H, Rouse, Engineering Hydraulics, Chapter 
John Wiley and Sons, 1950, pp. 790, 798, 
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clusion that can be drawn is that the experiments need to be extended to 
mall values of the ratio d/D. 

For the comparatively large values of d/D used in this investigation, the 
mtraction of the flow would influence both the drag and the lift, but especially 
e lift. For small values of d/D this contraction effect would disappear, per- 
ips resulting ina modification of the functional relationships indicated by 
qs. 14 and 15. It might also be noted that the lift force does not necessarily 
iss through the center of the sphere as shown in Fig. 1. This circumstance 
ould modify Eq. 3 and could account for the lack of rotation observed. 

In attempting to assess the findings of the investigation to the sediment 
‘oblem, it would also be helpful to add a column of £ values to Table 1. 


EGIDIO INDRI, 9— Experimental researchwas carriedout in 1955 concerning 
e fall velocity of solid bodies (spheres and cubes) within cylindrical tubes 
different diameters. 

Analyses covered the effect of the walls delimiting the fluid (water) on the 
timate fall velocity of spheres and cubes of different size, as compared with 
e fall velocity of the same bodies in an unlimited space. 

Relations were established that allow the computation of the actual fall ve- 
city as a function of both the ratio of the diameter (or size of cubes) of the 
dy to those of the tube and the absolute dimensions of the body itself that, 
mtrary to what was stated in previous theoretical studies, affect the fall ve- 
city in the limited space. 

Further, it was found that the behaviour of bodies in still water within the 
be differs from their behaviour when the water is in motion; that is, the fall 
locity in still water is not equal to the ascensional velocity of the water that 
Ids the body in equilibrium (stationary). 

The experiments performed were not such as to permit general conclusions 
a fact involving the whole technique of aero-hydrodynamic research. In the 
se of bodies falling into still liquids, their passage thru the medium is ac- 
mpanied by a local and traveling turbulence. In the case of bodies held in 
uilibrium, the conditions of motion of the fluid, laminar as well as turbulent, 
@ modified when the fluid hits the body. 

From a formal standpoint, it would appear that the expressions relating to 
» fall velocity of bodies would be incorrect when this one is defined as the 
locity of the current that holds the bodies stationary. 


Prof, Engrg., Ricerche sperimentali sulla velocita di caduta di corpi solidi in 
ua entro ambiente finito, ENERGIA ELETTRICA, No, 6, 1955, 
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MODELS PRIMARILY DEPENDENT ON THE REYNOLDS NUMBER2 


'y Melville S. Priest, R. C. Kolf and W. L. Reitmeyee, and W. P. Simons, Jr. 


MELVILLE S. PRIEST.11—Juaging from the title and text of the paper, it 
pears that the author considers the Reynolds number to be a basis for dy- 
imic similarity of turbulent fluid flow in two or more pressure systems. 

Although the Reynolds number may appear, along with other parameters, 
the dimensional analysis of problems that encompass both viscous and tur- 
lent motion, this does not mean that it canbe singled out as the basis for dy- 
imic Similarity when the motion is turbulent. The writer will endeavor to 
arify a limitation of the Reynolds number as a basis for dynamic similarity. 

A ratio of the so-called ‘inertia force” to a shear force might be reduced to 
v2 /T, inwhich pis mass density, V is a velocity and 7 is an intensity of shear. 
ich a dimensionless expression is sufficiently general that it might pertain to 
ther viscous or turbulent motion. 

By substituting a Newtonian expression for intensity of viscous shear into 
e preceding expression, it may be rewritten as p V L/y, at which L is a length 
d is “absolute viscosity.” This last expression is the Reynolds number. 
rom the manner in which it has been developed, it appears that the Reynolds 
mber pertains only to viscous motion. There is nothing to indicate that it 
rtains to turbulent motion. 

The writer has the impression that most experienced investigators recognize 
at the Reynolds number is not a suitable basis for dynamic similarity of tur- 
lent flow in two or more systems. In fact, if the Reynolds number were to 
rve as the basis for dynamic similarity, the requirements in many practical 
oblems would likely be such as to preclude the use of small-scale models. 

The author indicates that, for flow at the Reynolds number equal to or great- 
than a specified value, “. .. the data may be analyzed using the same re- 
ions as for models basedon the Froude law.” It is possible to arrive at ap- 
rent requirements for dynamic similarity that are the same as those based 
the Froude number by assuming a high degree of mixing in all systems and 
working from one of the well known expressions for head loss. For small- 
ale models with boundary surfaces of materials such as plastics, this would 
2m to be a dubious procedure. This is because of the question asto similar- 

of mixing in all systems. Although such an approach might suffice in some 
tances, the writer does not know of anything tojustify itas a general solution 
turbulent flow in pressure systems. In any event, such requirements for 
lamic similarity are far removed from those indicated by the Reynolds num- 
of 


4 June, 1960, by W. P. Simmons, Jr. 
11 Head, Civ. Engrg., Auburn Univ., Auburn, Ala, 
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The only concern of this discussion has been an implication by the author 
that the Reynolds number has some bearing upon the requirements for simi- 
larity of turbulent fluid flow in two or more systems. Although the role of the 
Reynolds number in describing viscous motion has evidently been established, 
its role, if any, in describing turbulent motion has not been established. 


MILTON A. CHAPPLE, |4 A. M. ASCE.—The author is to be commended for 
his paper that should be of great value to those engaged in hydraulic model 
studies. 

A class of model studies that is worthy of consideration in the same context 
is that where the geometry of the turbulent eddies is significant, as in the de- 
sign of deaeration chambers. 

Eddies due to the physical shape of a conduit, projections, elbows, and other 
discontinuities, are generally considered to be geometrically sealed inthe mod- 
el and should, therefore, be correctly represented in an undistorted model. 
This is not so with turbulent eddies due to wall friction, because, in general, — 
both the Reynolds number and the relative roughness of the wall differ between 
the model and the prototype. 


It has been found!5,16 that velocities in these turbulent eddies are propor- : 
tional to the shear velocity U_, defined by . 
“ 

; 

DSS Vl /h) teat 2 See See eee (6) — 


in which 7 is the intensity of shear force on the conduit wall, and p is the fluid — 
density. The shear velocity may be usually more conveniently computed from 


uy sev (178) 0, O eheogata eines sat (7) | 


in which V is the mean velocity in the conduit, and f is the friction coefficient 
in the Darcy-Weisbach formula, It is clear that, if the velocity scale in these 
turbulent eddies is to be the same as the general velocity scale, f must be the 
same in model and prototype, and the Reynolds number and wall roughness to 
be used in the model must be chosen accordingly. a 

Tests conducted by the Snowy Mountains Authority of the motion of air bub-_ 
bles in turbulent water flowing through a straight conduit have indicated that 


velocity. This being so, the preceding restriction on the choice of Reynolds 
number and wall roughness for the model does not apply if the model is only 
required to indicate the mean paths of air bubbles; however, it does apply if 
an indication of the scatter is required. j 


# Fluid Mechanics Lab., Snowy Mts. Authority, Australia. 4 
“The Structure of Turbulent Shear Flows,” by A, A, Townsend, Cambridge Uni 
‘Press, 1956, p. 197, 
16 “The Structure of Turbulence in Fully Developed Pipe Flow,” by John Laufer, 
N.A.C.A. Report No, 1174, Natl, Bureau of Standards, 1954, 
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R. C. KOLF,!? and W. L. REITMEYER.13—The author writes in wide scope 
a subject in need of both clarification and refinement. In the paper great 
re is advocated in achieving geometric similarity between model and proto- 
e “reasonable similarity” in other respects is sought in the vague manner 
running at such high Reynolds numbers that this parameter has little signif- 
nce (in direct opposition to the basic proposition “viscosity remains as the 
2dominant factor in the usual closed conduit, hydraulic flow problem”). The 
oude number is then suggested, not because it is amore accurate criterion - 
ugh more convenient - but perhaps because it is no worse. This point of 
w is reenforced bya statement common tothe usual development of the laws 
dynamic similarity, but that generates confusion in their application. “The 
2sSure ratio is usually regardedas the dependent quantity, and hence it does 
playa controlling part inthe following discussion of similitude techniques.”3 
In the design of an open channel model, the gravity force and the “inertia 
ce” are considered as independent variables because they are determined 
the choice of fluid, channel slope, discharge rate, and geometry. The pres- 
-e force can, in this case, be legitimately considered as dependent because 
‘pressure variations existing in the system are not open to the choice of the 
estigator. The opposite istrue in an enclosed system. The pressure differ- 
ial, discharge rate, and geometry are predetermined by the investigator. 
= gravity force that acts on each fluid element in the system is dependent, 
is indicated by the author’s observation, “the flow direction will always be 
vn the slope of the energy grade line and independent of the slope of the pipe 
21f.” It is noted that in the paper to which the author refers for adiscussion 
similarity criteria,? it is stated that “the Euler number alone will determine 
flow pattern” when effects of viscosity and gravity may be ignored, these 
ng assumptions under which the presentation is posited. The statement, 
Scous and inertia forces in the flowing fluids of such models, and hence 
ymnolds number, are predominant factors” should be amended to recognize 
pressure force and inertia force. The Euler number must then be con- 
ered. 
The problems involved in the use of this parameter are exactly the same 
those encountered in open:channel model design with the Froude number, 
ther case being “primarily dependent on Reynolds number.” Without the 
atly desired model fluid, with a viscosity significantly lower than that of 
er, it is impossible to operate the model sothat both the Euler and Reynolds 
aber will duplicate the corresponding values on the prototype, justifying the 
rect geometric scaling of linear values.” The ruse of operating the system 
such high Reynolds numbers that viscous shear is not significant isthe only 
sently available solution. In a closed conduit fluid system the Reynolds 
ber is, as the author affirms, a defining relation for the state of the sys- 
.. However, an extension of this as a similarity criterion - at high Reynolds 
iber - to more than an approximation tothe state of system in model and in 
totype is unwarranted and serves to confuse rather than clarify the issue. 
Although the Reynolds number is the ratio of inertial forces to viscous 
se8, one must keep in mind that the so-called “inertial force” term is but 


SSS __|. aa, 
June, 1960, by W, P, Simmons, Jr. f 
“ Assoc, Prof., Dept. of Theoretical and Applied Mechanics, Marquette Univ., Mil- 
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the composite representation of all the other forces acting in the system. I 
cannot be properly said that “inertial forces assume such great significance 
that viscosity becomes relatively minor,” but rather that compared to othe 
forces in the system (pressure), the viscous shear force can be neglected. 
Neglecting this force then negates the utility of Reynolds number as a similar- 
ity criterion. (The similarity as defined by other criteria will not be alterec 
by non-correspondence of Reynolds values in this range because relatively 
large variations in viscous force willnot appreciably alter the state of the sys- 
tem). In the same manner, having affirmed that gravitational forces are not ¢ 
factor affecting the flow, the Froude number -a ratio of “inertia force” to grav- 
itational force - is not an applicable similarity criterion. The author states 
that at high Reynolds numbers the Froude relations may be used, and “*. . . the 
model pressures would be multiplied by the scale ratioto obtain prototype pres- 
sures. Time intervals and flow velocities are obtained by multiplying mode! 
values by the square root of the scale ratio.” 

These relations are derivable from the Euler expression (not uniquely the 
Froude) but will be inconsistent with the Reynolds law if the same fluid is usec 
in model and prototype. The confusion of Froude number with Euler numbei 
stems from their exhibiting similar dimensional terms, either implicitly o1 
explicitly, both containing the velocity head V2/2g and a characteristic length. 
The latter is pressure head inthe Euler number and elevation head inthe Froude 
number, The author’s model design and operating techniques are in no waj 
jeopardized, for that he chooses to call Froude number is actually Euler num- 
ber, pressure head having been chosen asthe characteristic length (illustrate¢ 
by the author’s “dimensionless pressure factor relation”). Nonetheless, be- 
cause there is great conceptual difference between the two, the inaccuracy ) 
calling one by the name of the other is provocative only of chaos. Anengineer’s 
desire for usable expressions that define the relationships among observable 
phenomena is considered by some to be more essential than aesthetic corres: 
pondence with reality. The correspondence of the theoretical expressions i 
reality is not superfluous, however, for their consistency and comprehensibili 
are essential to successful extrapolation. a 

The writers agree with the author that it is appropriate “to state briefly the 
fundamental model relationships that must be observed.” The Euler numbei 
is, in this paper, the fundamental relationship, both useful and realistic, an¢ 
should be so designated and used. 
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DRAG FORCES IN VELOCITY GRADIENT FLOWa 


Discussion by W. D. Baines 


W. D. BAINES, 4 M. ASCE.—The authors are to be commended for their pi- 
eering work inthis engineering problem involving turbulent shear flow. Only 
cently have the practical problems in this field become apparent in meteor- 
gy, civil engineering, and wave mechanics. At first glance the variety of 
dy shapes and velocity gradients to be considered leads to the conclusion 
at generalization may not be possible. However, the recent progress in an- 
ysis of pitot tube shift effect is a move in this direction. This apparent dis- 
acement of the pitot tube up the velocity gradient ‘has often been noted in 
sasurements made in a shear field. M. J. Lighthill has shown? that theoret- 
illy the magnitude of the pitot tube displacement is a functionof the size only 
*a spherical tip tube; it is not a function of the steepness of the velocity 
adient nor the Reynolds number of the flow. The geometry of this situation 
Similar to the conditions near the stagnation line of a blunt body. It might, 
refore, be expected that the stream lines on the front of the bluff body would 
nibit the same type of displacement in a turbulent shear flow. Evidence of 
S might be seen in the authors’ results. 

The writer is now engaged ina similar study of flat plates immersed in 
ws with velocity gradients. The study is general, and it is planned to start 
h linear and progress to more complicated gradients of the mean flow. Only 
jloratory results are now available. On the whole, these verify the authors’ 
clusions. However, the writer has made some observations not mentioned 
the authors. 

For a solid body immersed in a flow with a velocity gradient, the simplest 
ory describing the pressure distribution around the body is a linear rela- 
nship with the stagnation pressure. That is, the pressure variation around 
‘cross section of the body canbe determined from the pressure coefficients 
the body in a uniform mean flow and the local velocity. In effect, this as- 
nes that each section is independent of neighboring sections. The authors’ 
e that this cannot be expected tobe completely satisfied. The primary rea- 
S for deviations from the linear theory is the existence of a boundary layer 
r the surface of the immersed object. At the surface the velocity is zero 
hence there is a region of fluid in contact with the body in which the velocity 
rery low. Thus, this layer is easily disturbed if subject to pressure gra- 
nts. From the linear theory one can readily prove the existence of these 
dients along the body. The resulting motion of the fluid inthe boundary layer 


| July, 1960, by F. D. Masch and W. L. Moore. 
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of the body is the secondary flow observed by the authors. The writer has als 
observed these secondary flows as have investigators in the field of three-di 
mensional boundary layers. 

On an upstream part of the cylinder, the boundary layer must necessaril 
bethin and the mean velocity comparatively strong. Thus, the secondary flow 
should be of a smaller order of magnitude, anda relatively small displaceme! 
of the stream lines should result. Comparison of the authors Figs. 3 and 
should illustrate this effect. The stagnation pressures should be proportion: 
tothe square of the local velocities. This is definitely not the case. The pres 
sures display approximately an eight fold variation between piezometers no. 
and 12 whereas the square of the velocities taken from the third part of Fig. 
exhibits less than a three fold variation. No physical explanation can be ac 
vanced for a steeper pressure gradient than that given by the linear theory. 
can be noted however, that the two quantities would have the same variation 
the slope parameter for results on Fig. 3 were 0.117. The writer therefoz 
concludes that an error has been made and that the stagnation pressures fo. 
low the linear theory closely. From the results that the authors give a shift: 
the streamlines up the velocity gradient is not detectable. The writer also hz 
not discerned this shift in flow around narrow flat plates. but this may be di 
to the crudeness of the experimental measurements. It is suggested that tl 
authors review the original data to see if this phenomena is apparent. 

On the downstream part of the cylinder there should exist a zone of sep 
rated flow similar to that with no velocity gradient. In this wake the mean vé 
locity of the main flow is comparatively small. It would thus be expected th 
secondary flows would have a greater influence on the flow pattern. The ai 
thors’ measurements inthis region show alarge deviation in the pressure dit 
tribution from that predicted by the linear theory. This is well demonstrat 
by the data shown on Fig. 3. At the center of the wake the pressure along fl 
cylinder varies by a factor of two, thus, being about one-fourth that predict 
by the linear theory. The writer has notedan even stronger effect on flat plat 
in which the pressure is uniform over the downstream face that is complete 
in the wake. 

In summary, the flow about a bluff body in avelocity gradient closely folloy 
the linear theory on the upstream side of the body, there being only a sm: 
displacement of the stream lines; on the downstream side of the body there 
a wake in which pressure tends toward uniformity. These rules, when appli 
to the local drag coefficient, directly predict variations similar to those 0 
served by the authors. However, a further assumption must be made if ther 
duction, in the value of the mean drag coefficient, is to be explained. One mt 
know much more about the location of the separation line on the rear of t 
body and its variation along the body. Particular attention should be paid 
this region in any future studies. 

The authors have not mentioned the sides of the cylinder at whicha differ 
flow condition exists. Because of flow acceleration the pressure must be bel 
ambient, and following the linear theory, a pressure gradient proportional 
the ambient velocity squared should exist. This is similar to the wake, mt 
cause the mean flow is comparatively strong, the resulting secondary 
should be of a strength similar to that in the stagnation region. The wr 
would be interested to hear if this gradient has been measured, and if the 
ondary flow up the velocity gradient has been observed. Although this par 
the cylinder contributes little to the magnitude of the local drag coefficie 
is important for other reasons. The pressure distribution over the entire si 
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ce of the body must be considered in many cases. For example, in buildings 
tbject to a wind gradient, the magnitude of a local pressure will determine 
e required strength for windows or wall coverings. 

An additional item that may cause complications in flow with avelocity gra- 
ent is the bounding surface at the end of the object. In flows with a uniform 
locity these surfaces lead only to the development of a thin boundary layer 
ong them. However, if a velocity gradient exists, the presence of such a sur- 
ce inhibits the secondary flow along the body. The resulting deflection of the 
scondary flow often causes large changes in the pressure distribution on the 
dy near the wall. The writer has found that for flat plates these effects are 
lite large if the width is relatively great. It might be expected that this ef- 
ct would be much smaller for a cylinder, and the authors data should show 
é€ magnitude. 

It is to be hoped that the line of study started by the authors will be contin- 
d, and that more quantitative data will be obtained for practicing engineers, 
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UNSTEADY FLOW OF GROUND WATER INTO A SURFACE RESERVOIR@ 


Discussion by M. E. Harr, Raphael G. Kazmann, W. T. Moody, and 
K. T. Sundara Raja Iyengar 


M. E. HARR,? M. ASCE.—As noted in Fig. 2, the linearization of Eq. 6 (Eq. 
produced the least satisfactory solution. This was tobe expected. For con- 
dering the steady-state form of Eq. 7, 


82h 

fag DN ele tatey se eet es stata ecante ht eter ete (24) 

ox 
2 equation of the free surface follows the linear relation 

De Cs te Co sap trp ay 50s todas S syiase Gq (25) 
which Cy and C9 are arbitrary constants. 
Now considering Eq. 7 as 

e2h2 = oh? (26) 

= ot re fe ee eee ae 
steady state solution becomes 

Here Cae ee CL te ee ee (27) 


nonstrating the free surface to be of parabolic shape, a form more consistent 
h observations and known steady state solutions (Dupuit’s parabola). Shift- 
the origin of reference tothe reservoir surface the second method, in nor- 
lized form reduces to 


five 
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t is merely the square root of the first linearization method. This solution 

he solution IV of the paper that represents the best approximation to the 

erimental data. 

In their development of the linear equation (Eq. 7), the authors state that h 
be discarded from Eq. 3 if dis much larger than H. This is not only in- 

sistent with the results given in Fig. 2 in which d is taken as zero, but ig- 

es a fundamental assumption. Inherent in their derivation, although not 
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stated as such, is the requirement that the free surface varies but little from 
some constant value (Dupuit - Forchbeimer assumption), say H. Hence Eq. (1) 
can be written as 


and Eq. 7 becomes 


ax2 ax2 


For computational purposes ff can be taken as an average height of the surface 
such as D in Eq. 2. 


RAPHAEL G. KAZMANN,!0 F, ASCE.—This paper deals with an interesting 
practical problem, namely, bank-storage. This phenomenon is not confined to 
the operation of reservoirs, but is also encountered in aquifers hydraulically 
connected to streams. ‘ 

The equation known as the error-function is shown as Solutions I and II, 
andis stated in ground-water terms elsewhere.!1 This relationship, that deals 
with non-steady stage ground-water flow, was first adapted to ground-water 
studies by Rorabaugh in his 1948 mimeographed report on ground-water in- 
vestigations in the Louisville area.12 7 

Solutions II and IV are modifications based on the error function equation 
(Solutions I & III). These modifications, the only contribution of the paper, are 
defended by comparing the results of computations with cited laboratory data. 
Reference tothe details of the Keller & Robinson experiments reveals that ver 
ification of these non-steady state, approximate equations is based on steady- 
state tests of flow through sand! These tests, performed in the laboratory for 
another purpose, do not possess the basic assumption of the authors’ equations 
that the drawdown shall be small compared to the thickness of aquifer. f 

In the following quotation from the paper the statements in parenthesis are 
the writers. a 

“All the solutions are approximations based on the assumption that d ( he 
thickness of aquifer below the lowest reservoir level) is very large comparet 
to H (the drawdown). This assumption is least valid (it’s not valid at all) 
the case of complete drawdown. Therefore (it necessarily follows that. . a 
the results from using this solution with partial drawdown should be good.” So 
the very discrepancy between experiment and assumption is used as an argu 
ment to assure the engineering profession that the results may confidently bé 
applied in the field! 4 

Let it be noted, in passing, that when the assumptions are met, the erro 
function relationship, in the form given by Rorabaugh, is a good basis for pre 


dicting changes in the ground-water levels that are associated with river flu 
tuations. 


10 Cons, Engr., Stuttgart, Ark, 
11 “Ground Water in Northeastern Louisville, Kentucky,” by M. I, Rorabaugh, US 
WSP 1360 B, Washington, 1956, Eq, 21, 


“Ground-Water Resources of the Northeastern Part of the Louisville Area, Kei 
tucky,” by M, I, Rorabaugh, 1948, 
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The writer submits that engineering isthe application of scientific principles 
the control of the environment. Consequently, any equations or procedures 
‘oposed for use inthe field to determine the flow of ground water in response 
eld. Common sense would indicate that it is not desirable to base verification 
an engineering paper on laboratory tests that, admittedly, do not meet the 
sumptions of the equations proposed by the authors. 


W. T. Moopy, 13 F. ASCE.—The authors have made a valuable comparison 
tween experimental data and mathematical solutions that give the approximate 
ape of the drawn down water table. 

The difficulty of solving the nonlinear partial differential equation describing 
e shape of the water table for the general case in terms of known functions is 
questionable. However, for any particular case in whicha parameter relating 
oO independent characteristic depths of the aquifer has a specific value, an 
act numerical solution can be obtained. In the following development, be- 
use the authors’ notation is followed wherever possible, reference to Fig. 1 
ll be helpful. Additional symbols are defined where used. 

The differential equation of the drawn down water table (Eq. 6) is 


eh a ( oh) _eh a 

a—t+—-—{—]) => -= 

axe Dest ats) 

sing the Boltzmann!4 transformation that introduces the new independent var- 
ble u defined by 


Pn 


ax2 
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rries Eq. 6 into the ordinary differential equation 
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du 
‘placing h in Eq. 32 with the new dependent variable defined by 
h= ol 
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aie eee (33) 
d introducing the characteristic depth parameter m, in which 
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13 Head, Experimental Design Analysis Sect., Tech, Engrg. Analysis Branch, Div. 
Design, Bur. of Reclamation, Denver, Colo. ; i 
14 «Zur Integration der Diffusions gleichung bei variabeln Diffusionscoefficenten,” by 


Boltzmann, Ann Physik, Leipzig, 1894, Vol. 53, pp. 959-964, 
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FIG, 4.—SOLUTIONS OF THE DIFFERENTIAL EQUATION OF 
A DRAWN DOWN WATER TABLE 
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TABLE 2,—SOLUTIONS OF THE DIFFERENTIAL EQUATION 
OF A DRAWN DOWN WATER TABLE 
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Following the general method described by Crank,15 it can be shown that 


. solution of Eq. 35, including boundary conditions Eq. 36a and b, is given by 
lues of y that satisfy 


u y"' 
| y-1 exp | 2 y-1u' du' ) du" 


ya o————__{—, 0<m<2 ... (37) 
ine exp “| 2 y-1 ut du' } du” 
fe) 


which, for brevity, 
Y=my-z;mt+l TAN EE CY 


ee —— 
15 «The Mathematics of Diffusion,” by J. Crank, Oxford, 1947, pp. 149-152. 
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The exclusion of m = 2 in Eq. 37 is necessary to avoid indeterminacy at the 
point y = 0. This case can be treated separately, however, anda similar so- 
lution is obtained in the form. 


u ul" 
| exp | yt u’ du’ | du" 
= Sa gee hy 2) 


y2 = ut fi eel Ae “Ss Sept (39) 
| exp ” y-1 uw w' du" 
fo) fe) 


For this case it can be shown that 


Lint (74) «0 


so that the apparent indeterminacy of the inner integrand is resolved. 

Numerical solutions of Eqs. 37 and 39 are obtained by an iterative procedure 
in which successive approximation toy are substituted into the right-hand mem- 
bers thereby generating new and closer approximations. When the n-th and 
(n+1)-th approximations agree to the desired accuracy, the solution is com- 
pleted. ’ 

The entire range of aquifer dimensions is represented by the variation from 
m = 0 (infinite depth of aquifer below the reservoir water surface) to m = 2 
(reservoir water surface at the bottom of the aquifer). For m = 0, the solution 
of Eq. 37,is seen to reduce to the familiar error function. The cases in which 
m = 2 (solved approximately by the authors) and m = 1 have been computed 
from Eqs. 39 and 37, respectively. Results for all three cases are given in 
Table 2 and are shown graphically on Fig. 4. The insensitivity of the solution 


curves, suggests that results for any value of m can be obtained from Table 4 
by second degree interpolation with sufficient accuracy for most practical pur- 
poses. 


K. T. SUNDARA RAJA IYENGAR,16_The non-linear differential equatior 
occurring in this problem has been solved by the authors by using two approx: 
imate solutions. The method of perturbation offers a good approach to suc 
non-linear equations. This method of approach, originally due to Poincare, a 
been developed by Lighthill and Kuo, and a detailed treatment of this metho 
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16 Asst, Prof, of Civ, Engrg., Indian Inst, of Science, Bangalore 12, India, 


“The Poincaré-Lighthill-Kuo Method,” Advances in Applied Mechanics, Vol. I 
Academic Press, 1956, pp, 281-348, v 


i DISCUSSION 281 


1 the boundary and initial conditions stated in the paper. Following the no- 
on of Collatz, 1 we can introduce a perturbation parameter ¢€ and write Eq. 


the form 
67h 6h a (2) a. 6h 
ee et oe ee Pe a ee (42) 
ax2 ot ls 8x D ax2 


n € = 0, Eq. 42 reduces to the linear equation whose solution is given by 
slaw and Jaeger (that is Eqs. 8 and 9). When ¢ = 1, we have Eq. 41. The 
erential equation with € = 0 has been called the “undisturbed equation” and 
with e€ = 1 the “disturbed equation.” 

Assuming that the solution h (x, t, «) may be expanded in powers of € we 


> 


> 


h (x, t, €) =h, (x, t) + € hy (x, t) + €2 hg (x, t) +...+.. (43) 


first term ho (x, t) is the Carslaw and Jaeger solution. Substituting for h 
q. 42 from Eq. 43 and equating the coefficients of powers of € to zero, we 
the following equation for hy: 


62hy 6h ‘ a(Mo)" 2, 82h, 
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ox 
se solution is given in Eq. 13 of the authors’ paper, in which pq and pg are 


: a (Bey, a 67ho 
particular integrals for - Hes and - D ho oa 
es are given in Eqs. 10 and 12. By continuing this process, we get differ- 
al equations for hg, hg and so on, are more laborious to solve. 


, respectively. Their 


} “The Numerical Treatment of Differential Equations,” by L. Collatz, Springer- 
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ERRATA 


Journal of the Hydraulics Division 


Proceedings of the American Society of Civil Engineers 


‘ch 1960 


. 63. In line 38 change “expansion of public enterprise” to “expansion of 
rate enterprise.” 


> 1960 


. 17. In line 32 and in line 36 change “Permeabilite” to “Perméabilité.” 
ne 33 change “gravite periodiques, deuxieme... Blance” to “gravité pé- 
liques, deuxiéme... Blanche.” In line 37 change “gravite periodiques” to 
wité périodiques.” 


. 19. In line 40 change “Technique” to “Technik.” 


. 117. Inthefirst line of textthe name WILLIAM G. HOLT should be changed 
ILLIAM G. HOYT. 


ust 1960 

. 25. In Table 1, Col. 6, Oct. 11, 1949, change 63 to .63. 

. 26. In Table 1, Col. 6, Mar. 31, 1953, change .25 to .24. 

. 27. In the caption for Fig. 3 change CLAYPEN to CLAYPAN. 


. 29. In Table 2, in the columns headed “runoff Used in Computing Unit 
ro.” add ahorizontal line above the words “Peak” and“ Amount” and delete 
10rizontal line below those words. The vertical rule separating these two 
mns should then be extended upward to meet the new horizontal line. 


. 32. In Table 3, in the column headed “Time in Minutes from Peak to—” 
a horizontal line above the series of words “Before” and “After” and re- 
e every other vertical rule that extends above this horizontal line. 


. 32. In the caption for Table 3 remove the word WATERSHED. 
_54,. The material on this page should be moved to p. 56. 
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